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GENERAL INTRODUCTION 
Fructose 1,6-blsphosphatase catalyzes the hydrolysis of fiructose 
1,6-blsphosphate to fructose 6-phosphate and Inorganic phosphate in 
the presence of required divalent metal ions. The enzyme plays a key 
role in the carbohydrate metabolism and has been studied extensively 
(1,2). 
Fructose 1,6-bisphosphatase from rabbit liver is a homotetramer 
with a subunit molecular weight of 35,000 (1). Each enzyme subunit 
contains 2 divalent cations (Zn^ '*'/Mn^ )^ binding sites; a high-
affinity "structural" site and a low-affinity "catalytic" site (3,4). 
While the terms "structural" and "catalytic" denote specific functions 
for the two sites, there is no direct evidence as to how either metal 
ion participates in the catalytic mechanism. 
Fructose 1,6-bisphosphatase can be inhibited by AMP and fructose 
2,6-bisphosphate (Fru-2,6-F2). Binding studies on rabbit liver enzyme 
showed the presence of four AMP binding sites per enzyme tetramer (5). 
The enzyme can also bind four Fru-2,6-P2's, one molecule per subunit 
( 6 ) .  
Although it is well recognized that inhibition of mammalian 
fructose 1,6-bisphosphatase by AMP is afforded by the binding of the 
molecule at an allosteric site (1,2), the binding site for. Fru-2,6-P2 
with respect to the enzyme are the subject of some controversy and 
remains to be established (7). A recent report suggested from the 
results of thiol group chemical modification of pig kidney fructose 
2 
1,6-blsphosphatase that Fru-2,6-P2 binds to an allosterlc site on the 
enzyme (8). The effect of thiol group modification of rabbit liver 
enzyme was also Investigated In this laboratory. Section I describes 
our work and the experimental results. We suggest from our data that 
Fru-1,6-P2 and Fru-2,6-P2 occupy overlapping site within the active 
site domain of fructose 1,6-blsphosphatase. 
Attempt was made to fix the binding slte(s) for Fru-2,6-P2 on 
rabbit liver fructose 1,6-blsphosphatase using nuclear magnetic 
resonance (NMR) techniques. Section II describes the experimental 
procedures and the results. The distance from a nltroxlde spin label 
to the enzyme-bound ligands (Fru-2,6-P2 and fructose 6-phosphate) and 
the distance from the metal Ion site to these bound ligands are about 
the same within experimental error, Indicating that the two ligands 
probably bind at the active site In the enzyme. 
A fundamental question In the regulation of carbohydrate 
metabolism concerns the mechanism of the synergistic Inhibition 
observed for AMP and Fru-2,6-P2 In their action on fructose 1,6-
blsphosphatase. Section III describes proton NMR studies of the 
Interaction of AMP and Fru-2,6-P2 with respect to the rabbit liver 
enzyme. The rate constant for dissociation of AMP from the 
enzyme*AMP*Fru-2,6-P2 complex is 17-fold lower than that of AMP from 
the binary complex, enzyme«AMP. These results explain the enhanced 
binding of AMP In the presence of Fru-2,6-P2 and, therefore, the 
synergistic inhibition of fructose 1,6-blsphosphatase observed with 
these two regulatory ligands. 
3 
The regulatory effects of AMP and Fru-2,6-P2 on metal Ions Is 
unclear. Section IV describes the kinetic studies of rabbit liver 
fructose 1,6-bisphosphatase with respect to both Fru-1,6-P2 and 
in the presence of different Inhibitors. The results demonstrate 
clearly that AMP is a competitive inhibitor of the metal ion. A 
kinetic model for the interaction of these ligands with respect to 
rabbit liver fructose 1,6-bisphosphatase is presented. 
Explanation of dissertation format The dissertation is written 
in the alternate dissertation format. Each section represents a paper 
which has been submitted to a scholarly journal for publication. 
4 
ABBREVIATIONS 
DTNB 5,5'-dlthlobls-(2-nltrobenzolc acid) 
Fru-1,6-P2 fructose 1,6-blsphosphate 
Fru-2,6-P2 fructose 2,6-blsphosphate 
Fru-6-P fructose 6-phosphate 
HPLC high-performance liquid chromatography 
a-MeFru-l,6-P2 a-methylfructofuranoslde 1,6-blsphosphate 
NEH N-ethylmalelmlde 
NMR ' nuclear magnetic resonance 
Pipes 1,4-plperazlnedlethanesulfonic acid 
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SECTION I: RELATIONSHIP BETWEEN THIOL GROUP MODIFICATION AND THE 
BINDING SITE FOR FRUCTOSE 2,6-BISFHOSPHATE ON RABBIT LIVER 
FRUCTOSE-1,6-BISPHOSPHATASE 
6 
Relationship between Thiol Group Modification and the Binding 
Site for Fructose 2,6-Bisphosphate on Rabbit Liver Fructose-1,6-
b isphosphatase 
Feng Liu and Herbert J. Fromm 
Department of Biochemistry and Biophysics 
Iowa State University, Ames, Iowa 50011 
This research was supported in part by Research Grant NS10546 
from the National Institutes of Health, United States Public Service, 
and Grant DHB-8502211 from the National Science Foundation. This is 
Journal Paper J-12936 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, lA: Project 2575. 
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ABSTRACT 
A thiol group present in rabbit liver fructose-l,6-bisphosphatase 
is capable of reacting rapidly with N-ethylmaleimide (NEM) with a 
stoichiometry of one per monomer. Either fructose 1,6-bisphosphate or 
fructose 2,6-blsphosphate at 500 fM protected against the loss of 
fructose 2,6-blsphosphate inhibition potential when fructose-1,6-
bisphosphatase was treated with NEM in the presence of AMP for up to 
20 min. Fructose 2,6-bisphosphate proved more effective than fructose 
1,6-bisphosphate when fructose-1,6-bisphosphatase was treated with NEM 
for 90-120 min. The NEM-modified enzyme exhibited a significant loss 
of catalytic activity. Fructose 2,6-bisphosphate was more effective 
than the substrate in protecting against the thiol group modification 
when the ligands are present with the enzyme and NEM. 100 /iM fructose 
2,6-bisphosphate, a level that should almost saturate the inhibitory 
binding site of the enzyme under our experimental conditions, affords 
only partial protection against the loss of activity of the enzyme 
caused by the NEM modification. In addition, the inhibition pattern 
for fructose 2,6-bisphosphate of the NEM-derivatized enzyme was found 
to be linear competitive, identical to the type of inhibition observed 
with the native enzyme. The Kq for the modified enzyme was 
significantly greater than that of untreated fructose-1,6-
bisphosphatase. Examination of space-filling models of the two 
bisphosphates suggest that they are very similar in conformation. On 
the basis of these observations, we suggest that fructose 1,6-
bisphosphate and fructose 2,6-bisphosphate occupy overlapping sites 
8 
within the active site domain of fructose-l,6-bisphosphatase. 
Fructose 2,6-bisphosphate affords better shielding against thiol-NEM 
modification than fructose 1,6-bisphosphate; however, the difference 
between the two llgands is quantitative rather than qualitative. 
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INTRODUCTION 
It Is now well established that Fru-2,6-F2 Is a primary regulator 
of both glycolysis and gluconeogenesis through its action on 
phosphofructokinase and fructose-l,6-blsphosphatase (1-3). There 
seems to be general agreement on the site of action of Fru-2,6-F2 on 
phosphofructokinase; however, the site and molecular mode of 
regulation with respect to fructose-l,6-bispho8phatase are the subject 
of some controversy and remain to be established (3). It is generally 
agreed that mammalian fructose-l,6-bisphosphatases require both a 
"structural" and "catalytic" metal for catalysis and that potent 
inhibition is afforded by the binding of AMP at an allosterlc site (1-
4). 
A number of Investigators have shown from kinetic studies that 
Fru-2,6-F2 is a competitive inhibitor of the substrate in both the 
forward (5,6) and reverse (7) fructose-l,6-bisphosphatase directions. 
Similar findings have been reported from static binding experiments 
(8,9); i.e., Fru-2,6-P2 and the substrate bind mutually exclusively. 
Protection of the catalytic activity of pig kidney (10) and 
rabbit liver (6) fructose-1,6-bisphosphatases from inactivation by 
pyridoxal 5'-phosphate has been demonstrated with Fru-2,6-P2. These 
and other findings (11) were taken to be suggestive of an active site 
mode of action for Fru-2,6-P2. In addition, Fru-2,6-P2, but not Fru-
1,6-P2, provides protection against proteolysis for the rabbit liver 
enzyme (6), and protection of the catalytic activity of the rat liver 
10 
enzyme Is afforded by either low concentrations of Fru-2,6-P2 or high 
levels of Fru-1,6-P2 (12). It has also been reported that the 
catalytic activity and sensitivity to Fru-2,6-F2 Inhibition of pig 
kidney fructose-l,6-blsphosphatase have similar pH profiles (9), 
whereas Van Schaftlngen and Hers (cited In Ref. 13) have found that 
the Inhibition action of Fru-2,6-P2 decreases with Increasing pH, 
althougjh the affinity of the enzyme for the substrate Is not affected 
by the same conditions. One report has even suggested that Fru-2,6-P2 
Is an activator of rat liver fructose-1,6-blsphosphatase, as well as 
an Inhibitor (14). 
Reyes et al. (15) have recently shown that pig kidney fructose-
1,6-bisphosphatase modified by NEM loses its ability to be Inhibited 
by Fru-2,6-P2. On the other hand, the presence of Fru-2,6-P2 during 
the modification procedure protects the enzyme against the loss of 
Fru-2,6-P2 inhibition. Fru-1,6-P2 is not capable of protecting 
fructose-l,6-bisphosphatase against the loss of Fru-2,6-P2 inhibition 
except at very high concentrations of substrate (25 mM), whereas 
protection is accomplished by 450 fM Fru-2,6-P2. On the basis of 
these and other observations, Reyes et al. (15) suggest that Fru-2,6-
P2 binds to an allosterlc site on fructose-l,6-blsphosphatase. 
In recent nuclear magnetic resonance experiments with bovine (16) 
and rabbit liver fructose-l,6-bisphosphatase (S. J. Cortes and H. J. 
Fromm, Iowa State University, unpublished results). It was necessary 
to derivatize the enzymes with a spin-label analog of NEM. Results 
obtained with the derlvatlzed enzyme suggested that Fru-2,6-P2 could 
in fact bind to fructose-1,6-blsphosphatase. On the other hand, 
derlvatlzatlon was not carried out with AMP as suggested by Reyes ££ 
al. (15). Bearing more directly on this point was the observation by 
deHalne and Benkovlc (17) that 0.1 mM Fru-1,6-P2 could protect rabbit 
liver fructose-1,6-blsphosphatase against thiol group modification by 
5,5'-dlthlobls-(2-nltrobenzolc acid). In addition, Meek and Nlmmo 
(12) reported that the NEM-modlfled rat liver fructose-1,6-
blsphosphatase, even though partially inactivated can still be 
inhibited by Fru-2,6-F2, and the Inhibition pattern was found to be 
competitive. 
Because of these discrepancies, we chose to reinvestigate the 
effect of thiol group modification of rabbit liver fructose-1,6-
blsphosphatase by NEM. The results of these studies suggest that the 
substrate, Fru-1,6-P2, is almost as effective as Fru-2,6-P2 in 
preventing loss of Fru-2,6-P2 inhibition when the enzyme is modified 
by NEM. What differences exist between the two llgands In their 
ability to protect against loss of Fru-2,6-P2 inhibition seem to 
quantitative rather than qualitative. 
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EXPERIMENTAL PROCEDURES 
Materials Rabbit liver fructose-1,6-bisphosphatase was purified 
from frozen liver (Pel-Freez Biologicals, Rogers, AR) according to the 
method of Ulm et al. (18). 1 mN phenylmethylsulfonyl fluoride was 
included in the homogenate buffer. Fructose-l,6-bisphosphatase 
activity was measured as described previously (18). The pH 7.5/9.6 
activity ratio of the purified enzyme was 2.5-3.5 and remained 
constant throughout purification. Glucose-6-phosphate dehydrogenase 
and phosphoglucoisomerase were purchased from Boehringer-Mannheim, and 
NADP and Fru-2,6-P2 were from Sigma. 
Methods Preceding experiments, fructose-1,6-bisphosphatase was 
exhaustively dialyzed against buffer containing 5 mM MgCl2. After 
dialysis, the enzyme sample was concentrated in a dialysis sack by 
treatment with polyethylene glycol. Subsequently, the enzyme was 
dialyzed against 50 mM Tris-HCl buffer, pH 7.5, containing 0.1 mM 
EDTA. Protein concentration was determined by measuring the 
absorbance at 280 nm by using an extinction coefficient of 0.89 for a 
0.1% solution (19). Fructose-l,6-bisphosphatase concentration refers 
to the enzyme monomer. 
Treatment of the enzyme (1.75 mg/ml, 50 fM subunit) with N-
ethylmaleimlde was performed by the procedure of Reyes et al. (15). 
The overall dilution of the modification mixture into assay solution 
was 1:10,000. 
Incorporation of radioactive NEM into rabbit liver fructose-1,6-
bisphosphatase was performed by the procedure of Reyes et al. (15) 
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with some modification. Fructose-l,6-blsphosphatase (1.75 mg/ml) was 
incubated at 30 *C with N-ethyl[2,3-^ C^]maleimlde (Amersham Corp.) and 
then diluted with unlabeled reagent to give a specific activity of 400 
cpm/nnol. Aliquots were taken at different intervals, and the 
reaction was stopped by dilution in cold 20 nH Tris-HCl buffer, pH 
7.5, 0.1 mM EDTA. The unreacted NEW was removed by exhaustively 
washing the reaction mixture in an Amicon Centricon™ 10 
mlcroconcentrator. Radioactivity was determined in a Bara Trac 
scintillation counter. 
For kinetic experiments, fructose-1,6-blsphosphatase was modified 
by treating the enzyme with NEM for 20 mln as above, and the reaction 
was then stopped by adding 200 /iH dithlothreitol (final 
concentration). A spectrofluorometric assay was used in these 
experiments. The excitation and emission wavelengths of a Spex 
Spectrofluorometer were 340 and 476 nm, respectively. Slits were 
fixed at 1.25 mm. Each cuvette contained 50 mM Tris-HCl, pH 7.5, 5 mM 
MgS04, 0.15 M KCl, 0.1 mM EDTA, 9 units of phosphoglucoisomerase, and 
2 units of glucose-6-phosphate dehydrogenase in a total volume of 2.5 
ml. The overall dilution of the modified mixture into the assay 
solution was 1:100,000. Kinetic data were analyzed by using a 
computer program written in the OMNITAfi II language with an « value of 
2.00 (20). 
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RESULTS 
The recent report by Reyes et al. (15) in which pig kidney 
fructose-l,6-blsphosphatase was studied provides strong evidence for 
binding of Fru-2,6-P2 at an allosteric inhibitory site. The 
conclusions alluded to by these investigators come from experiments in 
which a single thiol group per monomer was modified by NEM. These 
findings seem at variance with data in the literatures for other 
sources of fructose-1,6-bisphosphatase (12, 16, 17). It was on the 
basis of these apparent inconsistences that the experiments indicated 
below were undertaken. 
Incorporation of NEM into fructose-1.6-bisphosphatase Fig. 1 
illustrates the rate and stoichiometry of NEM incorporation into 
rabbit liver fructose-1,6-bisphosphatase in the absence and presence 
of Fru-1,6-P2 and Fru-2,6-P2. It can be seen from the data 
illustrated in Fig. 1 that 1 mol of NEM is incorporated/mol of enzyme 
subunit in the absence of protecting ligands, and the reaction is 
essentially complete in 20 min. There is 50% reduction in NEM uptake 
by the enzyme in the presence of 500 fM Fru-1,6-F2 and 65% decrease in 
enzyme modification in the presence of 500 (M Fru-2,6-F2. It is clear 
from these findings that substrate protection against NEM modification 
is more effectively provided in the case of the rabbit liver enzyme as 
compared with fructose-l,6-bisphosphatase from pig kidney (15) and rat 
liver (12). 
p 
15 
Time (min) 
Fig. 1. Incorporation of [^ C^]NEM into rabbit liver fructose<l,6-
bisphosphatase as a function of time Fructose-1,6-
bisphosphatase (50 /M subunit) was Incubated at 30 "C with 
100 fM [^ C^JNEH in the presence of 200 ftH AMP. A, without 
other addition; #, in the presence of 500 pM Fru-2,6-P2; and 
o, in the presence of 500 pM Fru-1,6-P2. The experimental 
conditions are described under "Experimental Procedures" 
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The effect of thiol group modification on Fru-2.6-P? Inhibition 
Experiments were carried out In light of the data depicted In Fig. 1 
to determine whether thiol group modification affects Inhibition of 
rabbit liver fructose-l,6-blsphosphatase by Fru-2,6-F2. When the 
enzyme was treated under conditions that permit stoichiometric 
incorporation of NEM, there was a significant loss of potential 
inhibition by Fru-2,6-P2 as depicted in Fig. 2. Nevertheless, 50% of 
the Fru-2,6-P2 inhibition potential was retained. The enzyme's 
ability to be Inhibited by Fru-2,6-P2 was obtained even after NEM 
treatment of the enzyme for 2 h. When either 500 iM Fru-1,6-P2 or 500 
(M Fru-2,6-P2 was present during the NEM modification procedure, very 
little loss of Fru-2,6-P2 inhibition potential was observed (Fig. 2). 
Protection of the enzyme against the loss of sensitivity to Fru-2,6-P2 
is essentially the same with either Fru-1,6-P2 or Fru-2,6-P2 (Fig. 2). 
These results are clearly at variance with the findings reported for 
the pig kidney enzyme (15). It was observed, however, that, when 
exposure of the rabbit liver enzyme to NEM was prolonged (2 h), Fru-
2,6-P2 did afford better protection against thiol group modification 
than did the substrate. 
The effect of thiol group modification on rabbit liver fructose-
1.6-blsph03phatase Activity The results Illustrated in Fig. 3 show 
that the addition of NEM to rabbit liver fructose-1,6-blsphosphatase 
causes about 60% Inactlvation of the enzyme in a reaction that is 
complete in approximately 20 min. No further significant decrease in 
activity was observed when the reaction was prolonged for more than 1 
17 
1 #, 
0.8-
0.6-
0.4-
0.2-
20 30 
Fru-2,6-P yuM 
2. Inhibition of the NEM-modlfled fructose-1,6-blsphosphatase by 
Fru-2,6-P2 Enzyme activity was determined as described under 
"Experimental Procedures" except with the indicated 
concentrations of Fru-2,6-P2. Symbols represent; #, NEM with 
no other additions; •, NEM plus 500 /M Fru-1,6-P2; o, NEM 
plus 500 (M Fru-2,6-P2 
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h. In the presence of 500 fM. Fru-2,6-P2 during the NEM modification 
procedure, the loss of activity of rabbit liver fructose-1,6-
blsphosphatase Is significantly decreased (Fig. 3). At lower 
concentrations, however, Fru-2,6-P2 affords almost no protection (Fru-
2,6-?2 " 50 PM) or only partial protection (Fru-2,6-P2 - 100 /M) (Fig. 
3). The substrate, Fru-1,6-P2, can afford only partial protection 
against the loss of activity at a concentration of 500 fM (Fig. 3). 
These results suggest that Fru-2,6-P2 Is more effective than the 
substrate In protecting the active site of fructose-l,6-blsphosphatase 
against NEM Inactlvatlon. On the basis of the data In Fig. 2 and 3, 
It Is clear that Fru-2,6-P2 Is more effective than Fru-1,6-P2 In 
protecting both the active site and the site on the enzyme responsible 
for Fru-2,6-P2 Inhibition. 
The effect of thiol group modification on kinetic properties 
Kinetic constants of the native and the NEM-modlfled rabbit liver 
fructose-l,6-blsphosphatase were compared. The Inhibition by Fru-2,6-
P2 Is expressed in Fig. 4 as double-reciprocal plots of reciprocal 
velocity against reciprocal Fru-1,6-P2 concentration at different 
levels of Fru-2,6-P2. The Kj^  for the native rabbit enzyme that we 
obtained was 2.05 ± 0.14 fM (Fig. 4A). After NEM modification, the 
derivatlzed enzyme showed no large change in JTo, (5.00 ± 0.50 fM) (Fig. 
4B). The inhibition constant for Fru-2,6-P2, however, changed from 81 
± 5.7 nM for the native rabbit liver enzyme to 22.4 ± 1.1 fM for the 
NEM-modlfled enzyme (Fig. 4). In spite of this difference in the 
inhibition constants for Fru-2,6-P2, a linear competitive inhibition 
19 
120-1 
Tîme (mîn) 
Fig. 3. The effect of NEH on the activity of rabbit liver fructose-
1,6-bisphosphatase. Fructose-l,6-blsphosphatase was 
incubated as described under "Experimental Procedures". The 
standard spectrophotometrlc assay was used. Symbols 
represent: •, NEM plus 500 (M Fru-2,6-P2; O, NEH plus 500 pH 
Fru-1,6-P2; o, NEH plus 100 /uH Fru-2,6-P2: •, NEH plus 50 /iH 
Fru-2,6-P2; A, NEH with no other additions 
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pattern was observed for both the native and the NEM-modlfled rabbit 
liver fructose-1,6-blsphosphatase (Fig. 4, A and B). There Is no 
evidence from the kinetic experiments for multiple Inhibition binding 
to the enzyme, I.e., at the active and an allosterlc site. 
21 
50-1 
40-
50-
lO-'/lTru 1.6-Pj pM" 
Fig. 4. Double-reciprocal plots for the inhibition of native and NEM-
nodifled fructose-1,6-bisphosphatase by FRu-2,6-P2. A. 
native enzyme. The Fru-2,6-P2 concentrations were 0 (o), 
0.05 (A), and 0.1 (a) /iM. B, NEM-modified enzyme. The Fru-
2,6-P2 concentrations were 0 (o), 8 (A), and 24 (•) (M 
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DISCUSSION 
It is now widely accepted that AMP and Fru-2,6-P2 synerglstically 
Inhibit fructose-l,6-blsphosphatase and, In this way. Inhibit 
gluconeogenesls (1-4). The mechanism of the competitive Inhibition of 
rabbit liver fructose-l,6-blsphosphatase by Fru-2,6-P2, although well 
documented (5-7, 10, 12), might be due to the binding of the effector 
at either the active site or at another site. I.e., an allosterlc 
site. There Is some evidence suggesting that Fru-2,6-P2 binds to the 
active site. First, the Inhibition kinetics were found to be of the 
competitive type (5-7, 10). Second, Fru-2,6-F2 binds to only one site 
per fructose-l,6-blsphosphatase monomer, and the binding of the 
inhibitor Is competitive with respect to either Fru-6-P, PI, or Fru-
1,6-P2 (8); similarly, rat liver fructose-l,6-blsphosphatase binds 
only 1 eq of Fru-2,6-P2/enzyme monomer, and the substrate analog a-
MethylFru-l,6-P2 blocks Fru-2,6-P2 binding (9). Third, Fru-2,6-P2 
protects the catalytic activity of pig kidney (10) and rabbit liver 
(6) fructose-l,6-blsphosphatase from Inactlvation by pyridoxal 5'-
phosphate. Fourth, the distance measured by nuclear magnetic 
resonance between structural Mn^ "*" and the phosphorus atoms of Fru-6-P, 
Pi, and Fru-2,6-P2 shows that they are all about 5 Â, indicating that 
Fru-2,6-P2 may act at the active site (16). 
There is also evidence, however, that indicates that Fru-2,6-F2 
binds at a specific site topologically different from the catalytic 
site. It was shown by Van Schaftingen and Hers (21) that Fru-2,6-P2 
changes the shape of the saturation curve from hyperbolic to 
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slgmoldal. In addition, Fru-2,6-P2 is much more efficient than Fru-
1,6-P2 in preventing NEH from causing a partial inactivatlon of 
fructose-l,6-bisphosphatase (12). More recently, Reyes et al. (15) 
reported that NEM-modlfied pig kidney fructose-l,6-bisphosphatase is 
insensitive to Fru-2,6-P2 inhibition, and they concluded that Fru-2,6-
P2 binds to fructose-l,6-bisphosphatase at a specific allosteric site. 
The results presented in this paper show that fructose-1,6-
bisphosphatase from rabbit liver can also be modified by NEM. 
Differences do exist, however, between the rabbit liver enzyme and the 
pig kidney enzyme reported by Reyes et al. (IS). From our data, it is 
quite clear that NEM-modified enzyme, which contains 1 mol of 
reagent/mol of enzyme subunit, can still be inhibited by Fru-2,6-P2. 
In addition, the inhibition pattern for the NEM-derivatized enzyme is 
still competitive. These results agree with those reported by Meek 
and Nimmo (12) for rat liver enzyme, but they are distinctly different 
from those reported by Reyes et al. (15) for the pig kidney enzyme. 
Meek and Nimmo (12) interpreted their data to mean that Fru-2,6-
P2 can interact at two sites on fructose-l,6-bisphosphatase, the 
catalytic site and an allosteric site. This assumption, however, is 
difficult to reconcile with results obtained from binding experiments, 
which show that only 1 mol of Fru-2,6-P2 can bind/enzyme subunit 
(8,9). The most likely explanation for this competitive behavior of 
the NEM-modified enzyme is that Fru-2,6-P2 binds to the enzyme at the 
active site domain. 
Reyes et al. (15) reported that low concentrations of Fru-2,6-P2 
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or high concentrations of Fru-1,6-P2 (25 nM) can protect against the 
formation of NEM-derlvatlzed pig kidney fructose-l,6-blsphosphatase. 
On the other hand, It was also reported that the most easily modified 
SH groups In the rabbit liver enzyme can be made "less available" by a 
conformational change Induced by Increasing the concentration of 
substrate (17). This protection Is significant even for a substrate 
concentration that Is 0.6 of the fructose-l,6-blsphosphatase tetramer 
concentration (17). A similar effect is noted for higher 
concentrations of the product (Fru-6-P) or the substrate analog â-
MeFru-l,6-P2 (17). The results from our studies show that at the same 
concentration (500 pM) both Fru-2,6-P2 and Fru-1,6-P2 can protect 
rabbit liver enzyme against the loss of sensitivity to Fru-2,6-P2 
Inhibition. What differences exist between the two llgands In their 
ability to protect against loss of Fru-2,6-P2 Inhibition seem to be 
quantitative rather than qualitative. On the basis of our results and 
those of deMaine and Benkovic (17) and Reyes et al. (15), it seems 
that there may be a fundamental difference between rabbit liver and 
pig kidney fructose-l,6-blsphosphatase. 
It is of interest that 100 /iM Fru-2,6-P2 (Fig. 3), a level that 
should almost saturate the inhibitory binding sites of the enzyme 
under our experimental conditions, affords only partial protection 
against the loss of Inactlvatlon of the enzyme caused by NEM 
modification. In addition, it is also known that Fru-2,6-P2 affords 
significant protection against the loss of AMP inhibition of pig 
kidney fructose-1,6-bisphosphatase (10), but it is well established 
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that the binding sites for AMP and Fru-2,6-P2 on the enzyme are 
different. On the basis of these observations, we believe that the 
protection provided by the Inhibitor Is due to a Fru-2,6-P2-lnduced 
conformational change at the sulfhydryl site rather than due to direct 
interaction of Fru-2,6-P2 at this site. 
One piece of evidence that indicates that Fru-1,6-P2 and Fru-2,6-
P2 may well bind at the same site, the active site, comes from 
examination of space-filling models. It is well established that the 
inhibitor is the /9 conformer (22), whereas the true substrate is a-D-
Fru-1,6-P2 (see Ref. 2 for reviews). Fig. 5 illustrates the 
structures of the two blsphosphates. Cursory examination of the 
models, from the perspective illustrated in Fig. 5, suggests that the 
structural differences between the two sugars are quite subtle. If is 
assumed that both sugar blsphosphates bind within the active site 
domain of fructose-1,6-bisphosphatase, the well-documented competitive 
inhibition by Fru-2,6-P2 can be explained. It is reasonable to 
suggest. If this assumption is correct, that there must be different 
binding determinants within the active site for both the inhibitor and 
the substrate. This, not only would explain why NEM modification of 
the enzyme resulted in a significant change for Ki, but also could 
explain why one of the blsphosphates is a substrate, and the other, an 
inhibitor. Furthermore, other differences and similarities in binding 
and kinetic properties that are attributable to the two llgands can be 
rationalized on the basis of these assumptions. It is also of 
interest that both Fru-2,6-P2 and Fru-1,6-P2 bind to the same site (an 
Fig. 5. Space-filling models of a-D-Fru-l,6-P2 and /9-D-Fru-2,6-P2. 
A, Fru-2,6-P2; B, Fru-1 ,6-P2 
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allosterlc site) on phosphofructokinase, i.e., this enzyme cannot 
distinguish between these two ligands (23). In addition, the 
phosphofructokinase conformational changes Induced by the two 
bisphosphates are different (23). This situation may also be true for 
fructose-1,6-bisphosphatase. 
Reagents that covalently modify enzymes have been used 
successfully to show that two sites are topologically distinct. In 
theory, the modified enzyme should lose one activity while retaining 
another. Experiments of this type have been undertaken that clearly 
demonstrate that AMP binds to fructose-1,6-bisphosphatase at an 
allosterlc site (24-26). In the case of treatment of fructose-1,6-
bisphosphatase by NEM, data from this report and the work of Meek and 
Nimmo (12) suggest that the effector, Fru-2,6-P2, and the substrate, 
Fru-1,6-P2, bind at the same site(s). Definitive proof of the site of 
binding of Fru-1,6-P2 and Fru-2,6-P2 may require detailed x-ray 
analysis of the fructose-1,6-bisphosphatase structure. It is clear 
that the protein modification experiments that thus far been carried 
out are open to a variety of interpretations. 
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ABSTRACT 
The binding slte(s) in rabbit liver fructose-1,6-blsphosphatase 
for the active site binding llgand, fructose 6-phosphate, and the 
Inhibitor, fructose 2,6-blsphosphate, have been Investigated by using 
nuclear magnetic resonance spectroscopy. The distance from a 
nltroxlde spin label to the bound llgands and the distance from the 
structural metal site to the bound llgands are about the same within 
experimental error. These data Indicate that the two llgands probably 
bind at the active site in the rabbit liver enzyme. 
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INTRODUCTION 
The dynamic regulator of the futile cycle of liver 
phosphofructoklnase and fructose-l,6-blsphosphatase Is recognized to 
be fructose 2,6-bisphosphate (Fru-2,6-P2) (1). Although it Is well 
established that Fru-2,6-P2 is a competitive inhibitor of the 
substrate fructose 1,6-bisphosphate (Fru-1,6-P2) (2,3) and of the 
products (4), it has been argued that the regulator and the substrate 
bind at topologically distinct sites on fructose-l,6-bisphosphatase 
(5). Because the model for competitive inhibition only predicts that 
two ligands are mutually exclusive in their binding to the enzyme, it 
is possible for an allosterlc inhibitor to exhibit competitive 
kinetics. We attempted to address this problem by using the 
paramagnetic metal Mn(II) at the "structural" site (6,7) of bovine 
liver fructose-l,6-bisphosphatase to measure the distances to Fru-2,6-
P2, Fru-6-P, and the substrate analog oc-methyl fructofuranoside 1,6-
bisphosphate using ^ P^ nuclear magnetic resonance spectroscopy (8). 
We found that the distance from the structural metal to the various Pi 
atoms was the same within experimental error. Unfortunately, these 
findings, although consistent with Fru-2,6-P2 binding at the active 
site, do not prove the point from a single distance measurement. To 
circumvent this problem, we used the spin label, 3-(maleimido-methyl)-
PROXYL, in an attempt to obtain a second distance; however, the ligand 
binding site was too far from the spin label for any effect to be 
observed (8). 
In this communication, we report results that we obtained in which 
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we were able to measure the distance, using a nltroxlde spin label to 
an active site binding llgand as well as Fru-2,6-P2. In addition, we 
have determined the distance, using and NMR, from the 
structural metal site to the llgand binding site(s). These studies 
establish that Fru-2,6-P2 probably binds at the active site. 
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EXPERIMENTAL PROCEDURES 
Material and Methods Rabbit liver fructose-l,6-blsphosphatase 
was purified and assayed as described previously (9). The pH 7.5/9.6 
activity ratio of the purified enzyme was 2-3 and remained constant 
through purification. The enzyme concentration was determined 
spectrophotometrically at 280 nm by using an extinction coefficient of 
0.89 for a 0.1% solution (10). Chelex-100 was bought from Blo-Rad. 
D2O (99.96%) was obtained from ICN Biochemicals, Inc. NaOD was 
obtained from Stohler Isotope Chemicals. Glucose 6-phosphate 
dehydrogenase and phosphoglucolsomerase were purchased from Boehrlngen 
Mannheim, and 3-(2-malelmldoethylcarbamoyl)-PROXYL, NAOP, Fru-6-P, 
Fru-2,6-P2> AMP, and DCl were obtained from Sigma. 
Reaction of fructoae-1.6-blsphosnhataae with DTNB Native or 
spin-labeled fructose-1,6-bisphosphatase was incubated with DTNB in 
0.1 M Trls-HCl, pH 8.0. The reaction was followed 
spectrophotometrically at 412 nm. A value of 13,600 M'^ cm'^  was used 
as the molar extinction coefficient for the 5-thio-2-nitrobenzoate 
anion (TNB). An aliquot (2 fM final concentration) of fructose-1,6-
blsphosphatase was added to the buffer mixture, and the reaction begun 
by adding DTNB. Five /il of ImM Pipes buffer, pH 6.5, Instead of the 
enzyme, was used as a control. 
Preparation of samples for nuclear magnetic resonance (NMR) 
experiments Preceding NMR experiments, fructose-1,6-bisphosphatase 
was exhaustively dlalyzed against buffer containing 5 mM MgSO^  to 
assure removal of Fru-1,6-P2 used to elute the enzyme from 
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carboxymethycellulose during purification. After dialysis, the enzyme 
was concentrated by ultrafiltration with an Amicon concentrator. The 
final concentration of the enzyme is about 0.5 - 0.8 mM (enzyme 
monomer), assuming a subunit MM - 35,000 (6-7). The concentrated 
enzyme was treated with Chelex-100 to remove impurities. Exchange of 
D2O for H2O was accomplished by lyophilization. After lyophilization, 
the specific activity and the pH ratio were about 20 and 2 to 3, 
respectively, indicating that lyophilization did not affect the 
kinetic properties of rabbit liver fructose-l,6-bisphosphatase. The 
pH of the NMR samples was measured by using a Radiometer FHH64 pH. 
meter with an Ingold electrode and represents the uncorrected values 
in D2O. The pH of NMR samples was adjusted by the addition of diluted 
NaOD or DCl, and any resulting precipitate was removed by 
centrifugation. 
Spin-labeling and NMR measurements Fructose-1,6-blsphosphatase 
was spin-labeled with 3-(2-maleimidoethyl-carbamoyl)-PROXYL by adding 
the reagent (10-fold excess) to the enzyme solution in 50 mM Tris-HCl 
buffer, pH 7.5. The solution was incubated at room temperature in the 
dark for 2 h, after which the unreacted reagent was removed by 
exhaustive dialysis against 5 mM Pipes buffer, pH 7.5, containing 0.1 
mM KCl. The efficiency of the spin-labeling procedure was checked by 
reacting the spin-label-modified enzyme with DTNB and by electron 
paramagnetic resonance (EPR) measurements. EPR measurements were 
conducted at 20*C with a Bruker ER 200D-SRC spectrometer operating at 
9.77 GHz. Samples for EPR experiments (25 fil) contained 40 (M free 
37 
spin-label reagent or 40 /iM spin-labeled enzyme, In 5 nM Pipes buffer, 
pH 7.0, containing 0.1 dM KCl In 1.5-mm glass capillary tubes. 
Samples for proton NMR spectroscopy contained 110 fM enzyme In 0.5 ml 
D2O containing S mM Pipes, pH*7.0, 0.1 mM KCl, 0.2 mM MgCl2, and 5 mM 
fructose 6-phosphate and PI, or 5 mM Fru-2,6-P2. For ^ P^ NMR studies, 
13.5 mM of llgands, 2.4 /iM of Mgf* or Mn^ "*" and 4.8 pM enzyme were used 
(8). Equilibrium dialysis was carried out to correct the contribution 
of free paramagnetic Ion to the spin-lattice relaxation rate, (8). 
The NMR measurements of the proton or phosphate relaxation rates were 
made at 300 or 121.5 MHz, respectively, by using a Bruker WM-300 
Nuclear Magnetic Resonance spectrometer. 
Proximity of the soin-label site and the substrate binding site 
The distance between the substrate binding site and the nltroxlde spin 
label site on the enzyme was Investigated by measuring the effect of 
the spin label on the spin-lattice relaxation rate of the H6 and Hi 
protons of the fructose phosphates by using the equation (11); 
r (A) - 539[f.Tip.Fi(rc)]V6 (1) 
where f Is the mole fraction of nuclei bound and T^ p Is the 
paramagnetic contributions to the longitudinal relaxation time, which 
can be determined according to the equation: 
1/Tip - 1/Ti(spln) - 1/Ti(enzyme) ( 2 )  
38 
in which 1/Tip(spin) is the longitudinal relaxation rate in the 
presence of the spin-labeled enzyme and 1/Tx(enzyme) is the 
longitudinal relaxation rate in the presence of native enzyme, and 
(3)  
1 + 4rl 1 + u>lrl 
The correlation time for the spin-labeled enzyme can be 
determined by the equation (12): 
fc - 6.5 X 10-10 X AHo(A(o)/h(-l) - 1) (4) 
where h(-l), h(o) are the heights of the high-field and central lines 
of the EPR spectrum, respectively. AHg is the line width of the 
central line in gauss. The constant factor in this equation is 
derived from the known nitroxide hyperfine g-value anisotropics. 
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RESULTS AND DISCUSSION 
Incubation of the native fructose-1,6-blsphosphatase with DTNB at 
pH 8.0 and 25*C resulted In a rapid modification of a thiol group In 
about 5 mln. There was no significant Increase In the absorbance at 
412 nm when the spin-labeled enzyme was reacted with DTNB, Indicating 
that the reactive cysteine was blocked by the spin-label reagent. The 
spin-labeled enzyme retained 10% of Its original activity as compared 
with the native enzyme. To further verify that the spin label was 
Indeed covalently linked to the enzyme, EFR experiments were also 
conducted. The results showed that the spin-label molecule Is 
strongly Immobilized when it is bound to the enzyme (data not shown). 
Assuming that T2e " ^le " ^c (13), the correlation time calculated 
according to equation 3 is 5.7 X 10'^  s. The values were also 
determined by using the Tip/T2p ratios (14) which are 5.1 X 10'^  and 
4.5 X 10"* s for Fru-6-P and Fru-2,6-P2, respectively. 
Fig. 1 shows the NMR spectrum of Fru-2,6-P2 obtained in Pipes 
buffer (pH* 7) containing 0.1 M KCl, 0.2 mM Mg(N03)2. The assignments 
of the protons of Fru-2,6-P2 have been reported previously (9). In 
the presence of 0.11 mM enzyme, all the resonances were broadened 
(Fig. IB). The line width broadening was even greater in the presence 
of the spin-labeled enzyme (Fig. IC). Significant line broadening was 
also observed for Fru-6-P and Pi in the presence of native or spin-
labeled enzyme (data not shown). In an earlier investigation, we 
found from temperature-dependent studies that Fru-2,6-P2 protons are 
in the fast exchange region on the NMR time scale (9). Similar 
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O H6 (a.g) Q 
HKo.e) 
H6(«) 
4,^ 2 4^ 1  ^3^ 9" 3,8 9,7 
PPM 
Fig. 1. MMR spectra of Fru-2,6-F2 In the absence or presence of 
fructose-l, S-bisphosphatase at 15*C NMR samples contained 5 
nM Pipes buffer (pH* 7.0), 0.1 M KCl, and 0.2 mM MgCl2. The 
chemical shifts are relative to HDO at 4.85 ppm. All spectra 
result from 256 scans. A. 5 mM Fru-2,6-P2; B. 110 /M 
enzyme, 5 mM Fru-2,6-P2; C. 110 /M spin-labeled enzyme, 5 mM 
Fru-2,6-P2 
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results are also found for Fru-6-F when It bound to the enzyme (data 
not shown). 
Table I shows the f'T^ p values obtained for the native enzyme-
llgand and the spin-labeled enzyme-llgand complexes. By using of the 
correlation time of 5.1 X 10'^  s obtained from the T1P/T2P ratio, the 
distances between the nitroxlde spin-label and the protons of the H6 
bound ligands were calculated and the results are shown in Table I. 
The distances between the nitroxlde spin label and the HI protons of 
both bound ligands are greater than 10.2 Â and could not be accurately 
determined. 
It is possible to measure distance between a paramagnetic probe 
and diamagnetlc nuclei provided that certain criteria are fulfilled 
(8). The restrictions are minimal because outer sphere contributions 
to Ti are usually small, and 1/Tip is not exchange-limited under our 
experimental conditions. In addition, the electron spin relaxation 
time for Mn^ "*" is long, so contact contributions to 1/Ti by Mn^  ^are 
nearly always small, especially at high magnetic fields. 
The dissociation constants for Fru-6-P (15) and Fru-2,6-P2 (4) 
are < 1 mM, and fructose-l,6-bisphosphatase should be saturated by 
these ligands at the concentrations used in these experiments. The 
protocols and rationale for using Mn(II) to determine llgand distances 
from the structural metal site are identical to those used by Ganson 
and Fromm (8) for the bovine enzyme with one exception: the value for 
fg was determined by using the ratio Tip/T2p for protons exclusively 
(14). The results from these studies are shown in Table II. These 
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Table I. Paramagnetic contributions to relaxation rates of Fru-6-P 
and Fru-2,6-P2 and nltroxlde spin-labeled-nuclei distances 
In fructose-l,6-blsphosphatase-llgand complexes 
Llgand Nucleus 
Fru-6-P H-6(a) 
Fru-2,6-P2 H-6(o) 
Fru-6-P H-6(p) 
Fru-2,6-P2 H-6(/9) 
f T ip (s) r (A)* 
0.042 7.4 ± 0.5 
0.037 7.4 ± 0.5 
0.091 8.5 ± 0.6 
0.043 7.6 ± 0.5 
T^he distances were calculated from equation 1 by using the 
average of the f*Tip and r(, values. The error limits for these 
distances were calculated by assuming a 20% deviation for both the 
f'Tip and fg values. 
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Table II. Paramagnetic contributions to relaxation rates of Fru-6-
P and Fru-2,6-P2 and Mn^ '^ '-nuclel distances in fructose-1,6-
blsphosphatase-llgand complexes 
Ligand Nucleus f'TlP -
( X 10-5 g) *^ C Q ( X 10-9 
r (A) a 
s) 
Fru-2,6-P2 2-P 26.2 1.04 4.7 ± 0.2 
Fru-2,6-P2 6-P 18.0 1.04 5.0 ± 0.2 
Fru-6-P 6-P 26.2 3.35 5.0 ± 0.3 
T^he error limits for these distances were calculated by assuming 
a 20% deviation for both the f*Tip and values. 
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findings like those obtained from the spin-label studies Imply that 
Fru-2,6-P2 and Fru-6-P bind at the same site, presumably the active 
site. The fact that two different reference points give similar 
distances for Fru-6-P and Fru-2,6-P2 makes It highly unlikely that 
these llgands bind to the enzyme at different sites. In addition, it 
is of interest that the structural metal is not coordinated to the 
active site llgands. The role of metals in the fructose-1,6-
bisphosphatase reaction remains to be determined. 
45 
REFERENCES 
1. Van Schaftingen, E. (1987) AdZ- Enzvmol. Relat. Areas Mal- Blol. 
52, 315-395 
2. Gottschalk, M. E., Chatterljee, T., Edelsteln, I, and Marcus, F. 
(1982) 1. Blol. Sbsm., 252. 8016-8020 
3. Pontremolls, S., Mellonl, E., Mlchettl, M., Salamlno, F., 
Sparatore, B., and Horecker, B. L. (1982) Arch. Blochem. Blophvs. 
218. 609-613 
4. Ganson, N. J., and Fronm, H. J. (1982) Blochem. Bloohvs. Res. 
Commun., 108. 233-239 
5. Van Schaftingen, E., and Hers, H. G. (1981) Proc. Natl. Acad. 
S£t. U.S.A. 2Sl, 2861-2843 
6. Benkovic, S. J., and deMaine, H. M. (1982) Adv. Enzvmol. Relat. 
Areas Mol. Blol. 51, 45-82 
7. Tejwani, G. A. (1983) Mz. Enzvmol. Relat. Areas Mal. Blol. 54, 
121-194 
8. Ganson, N. J., and Fromm, H. J. (1985) J. Blol. Chem. 260. 2837-
2843 
9. Liu, F., and Fromm, H. J. (1988) i. Blol. Chem. 261, 9122-9128 
10. Pontremoll, S. (1966) Methods Enzvmol. £, 625-631 
11. Mildvan, A. S. and Gupta, R. K. (1978) Methods Enzvmol. XLIX. 
330-331 
12. Knowles, P. F., Marsh, D., and Rattle, H. W. E. (1976) in 
Magnetic Resonance of Blomolecules. pl93-194, John Wiley & Sons. 
New York. 
13. Dwek, R. A. (1975) in Nuclear Magnetic Resonance in Biochemistry, 
p 243, Clarendon Press, Oxford, England 
14. Mildvan, A. S., Granot, J., Smith, G. M., and Llebman, M. N. 
(1980) Adv. Inorg. Blochem., 2, 211-236 
15. Casazza, J. P., Stone, S. R., and Fromm, H. J. (1979) J,. Blol. 
Chem. 254. 4661-4665 
46 
SECTION III: INTERACTION OF FRUCTOSE 2,6-BISPHOSPHATE AND AMP WITH 
FRUCTOSE-1,6-BISPHOSPHATASE AS STUDIED BY NUCLEAR 
MAGNETIC RESONANCE SPECTROSCOPY 
47 
Interaction of Fructose 2,6-blsphosphate and AMP with Fructose-1,6 
blsphosphatase as Studied by Nuclear Magnetic Resonance Spectroscopy 
Feng Liu and Herbert J. Fromm 
Department of Biochemistry and Biophysics 
Iowa State University, Ames, Iowa 50011 
This research was supported In part by Research Grant NS10546 from 
the National Institutes of Health, United States Public Service, and 
Grant DMB-8502211 from the National Science Foundation. This Is 
Journal Paper J-12057 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, lA: Project 2575. 
48 
ABSTRACT 
The interaction of AMP and fructose 2,6-bisphosphate with rabbit 
liver fructose 1,6-bisphosphatase has been investigated by proton 
nuclear magnetic resonance spectroscopy (^ H NMR). The temperature 
dependence of the line widths of the proton resonances of AMP as a 
function of fructose 1,6-bisphosphatase concentration indicates that 
the nucleotide C2 proton is in fast exchange on the NMR time scale 
while the C8 proton is exchange limited, The exchange rate constant, 
koff, has been calculated for the adenine C8 proton and is 1900 s'^ . 
Binding of fructose 6-phosphate and inorganic phosphate, or the 
regulatory inhibitor, fructose 2,6-bisphosphate, results in a decrease 
in the dissociation rate constant for AMP from fructose 1,6-
bisphosphatase, as indicated by the sharpened AMP signals. A 
temperature dependence experiment indicates that the AMP protons are in 
slow exchange when AMP dissociates from the ternary complex. The rate 
constant for dissociation of AMP from the enzyme AMP fructose 2,6-
bisphosphate complex is 110 s'^ , 17-fold lower than that of AMP from 
the binary complex. These results are sufficient to explain the 
enhanced binding of AMP in the presence of fructose 2,6-bisphosphate 
and, therefore, the synergistic inhibition of fructose 1,6-
bisphosphatase observed with these two regulatory ligands. 
Binding of fructose 2,6-bisphosphate to the enzyme results in 
broadening of the ligand proton signals. The effect of AMP on the 
binding of fructose 2,6-bisphosphate to the enzyme has also been 
investigated. An additional line width broadening of all the fructose 
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2,6-bisphosphate protons has been observed In the presence of AMP. The 
assignment of these signals to the sugar was accomplished by two-
dimensional proton-proton correlated spectra (two-dimensional COSY) 
NMR. The temperature dependence studies indicated that AMP does not 
alter the fast exchange between free Fru-2,6-P2 and Fru-2,6-P2 in the 
ternary complex. From these data, it is suggested that AMP does not 
affect fructose 2,6-bisphosphate binding to fructose 1,6-
bisphosphatase. 
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INTRODUCTION 
Fructose-1,6-blsphosphate plays a key role In the gluconeogenic 
pathway. The physiological significance of the regulatory control of 
the enzyme has been the subject of numerous review articles (1-3). 
It is now well established that the coordinated regulation of 
fructose-1,6-bisphosphatase and phosphofructokinase is controlled by 
AMP and fructose 2,6-bisphosphate (1-3). Whereas both ligands markedly 
enhance phosphofructokinase activity, they synergistically inhibit the 
phosphatase activity. Although the site of interaction of Fru-2,6-F2 
with fructose-I,6-bisphosphatase has not been established with 
certainty (4), there is compelling evidence and general agreement that 
AMP binds to an allosteric inhibitory site (1-3,5). 
The presence of an exogenous divalent metal ion such as Mn^ *, 
Zn2+, Mg2+, or Co^ * is an absolute requirement for the mammalian liver 
enzymes. Fructose-1,6-bisphosphatase from rabbit liver, a tetramer of 
Identical subunits, binds four "structural" metal ions in the absence 
of substrate and four additional metal ions in the presence of 
substrates at a so-called catalytic metal site (6). The hydrolyzed 
products of the enzyme, Fru-6-P and P^ , bind to the same site as the 
substrate, Fru-1,6-P2, with a binding stoichiometry of one/monomer (3). 
In a recent study from this laboratory (7), it was shown from 
binding studies using a fluorescent analog of AMP that the nucleotide 
Inhibits metal binding at the catalytic metal binding site. Metal 
binding at this site is enhanced by substrate, and we were able to 
demonstrate that divalent cations in the presence of Fru-6-P and P^  
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enhance the metal's ability to dissociate the nucleotide from the 
enzyme. Fru-2,6-F2, on the other hand, completely precluded nucleotide 
displacement by catalytic metal. Because, under physiological 
conditions, AMP will always be present at a relatively constant 
concentration in the cell, whereas the level of Fru-2,6-P2 will rise 
and fall depending upon the level of glucagon (1-3), it is clear from 
our results that the effectiveness of AMP as a modulator of 
gluconeogenesis is dependent upon the concentration of intracellular 
Fru-2,6-P2. A fundamental question in the regulation of carbohydrate 
metabolism concerns the mechanism of the synergism observed for AMP and 
Fru-2,6-P2 in their action on fructose 1,6-blsphosphatase. We found 
from studies of bovine liver fructose 1,6-bisphosphatase that the 
structural metal to AMP distance is significantly increased upon 
addition of Fru-2,6-P2 (8). In addition, the f*T2p^  value for AMP 
increased by more than an order of magnitude in the presence of Fru-
2,6-P2. This observation implies that the ISoff AMP is less in the 
E-AMP-Fru-2,6-P2 complex than in the binary complex of enzyme and AMP. 
We have confirmed these findings with rabbit liver Fructose 1,6-
bisphosphatase^ • AMP seems to decrease the ISoff of Fru-2,6-P2 from the 
ternary complex of enzyme AMP Fru-2,6-P2 by only 50% with bovine liver 
fructose 1,6-bisphosphatase as determined from paramagnetic enhancement 
of the ^ P^ relaxation rate (8). It is not clear that this small effect 
lf'T2p is the ratio of bound paramagnetic probe to total substrate 
in solution multiplied by the paramagnetic effect of an unpaired 
electron on the transverse relaxation time. 
S^. Cortes and H. J. Fromm, unpublished results. 
52 
on Fru-2,6-P2 by AMP Is significant. 
The purpose of this report was to determine whether the well known 
phenomenon of AMP-Fru-2,6-P2 synergism is a result of an alteration in 
the AMP (or Fru-2,6-P2) binding kinetics. 
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EXPERIMENTAL PROCEDURES 
Materials Rabbit liver fructose 1,6-blsphosphatase was purified 
from frozen liver (Pel-Freez Blologlcals, Rogers, AR) according to the 
method of Ulm et al. (9). 1 mM phenylmethylsulfonyl fluoride was 
Included In the homogenate buffer. Fructose-1,6-blsphosphatase 
activity was measured as described previously (9). The pH 7.5/9.6 
activity ratio of the purified enzyme was 2.5-3.5 and remained constant 
throughout purification. Glucose-6-phosphate dehydrogenase and 
phosphoglucoisomerase were purchased from Boehringer Mannheim, and 
NADP, Fru-6-P, and Fru-2,6-P2 were obtained from Sigma. 
Fru-6-P concentration was assayed enzymatically (10), and the acid 
hydrolysis product of Fru-2,6-P2 (namely, Fru-6-P) was assayed in the 
same way after neutralization to determine the concentration of Fru-
2,6-F2 in the stock solution. Inorganic phosphate (P^ ) concentration 
was determined by the method of Ames (11). 
Distilled deionized water used in all experiments, and all the 
reagents were of the highest purity available commercially. All 
solutions used in NMR experiments were Chelex-treated. NMR tubes were 
acid washed and thoroughly rinsed before use. D2O (99.96%) was 
purchased ICN Biomedicals Inc., and NaOD and DCl were purchased from 
Stohler Isotope Chemicals. 
Methods Preceding NMR experiments, fructose 1,6-bisphosphatase 
was exhaustively dlalyzed against buffer containing 5 mM MgCl2 to 
assure removal of Fru-1,6-P2 used to elute the enzyme from 
carboxymethylcellulose during purification. Subsequently, the enzyme 
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was dlalyzed against 1 mM Pipes (pH 7.0), 50 oM KCl, unless otherwise 
specified. After dialysis, the enzyme sample was concentrated in a 
dialysis sack by treatment with polyethylene glycol. The concentrated 
enzyme was treated with Chelex 100 to remove impurities and further 
concentrated in an Amicon Centricon™ 30 microconcentrator to a final 
concentration of 1 mM (enzyme monomer), assuming a subunit M,. - 35,000 
(1-3). Protein concentrations were determined by measuring the 
absorbance at 280 nm by using an extinction coefficient of 0.89 for a 
0.1% solution (12). NHR samples contained 1 mM Pipes (pH 6.5), 50 mM 
KCl, and 5 mM HgCl2> unless otherwise specified. Fructose-1,6-
bisphosphatase concentration refers to the enzyme monomer. Exchange of 
D2O for H2O was accomplished by lyophilization. After lyophilization, 
the specific activity and the pH ratio were about 20 and above 3.0, 
respectively, indicating that lyophilization does not affect the 
kinetic properties of fructose 1,6-bisphosphatase. The pH of the NMR 
samples was measured by using a Radiometer PHM64 pH meter with an 
Ingold electrode and represents the uncorrected values in D2O. The pH 
of NHR samples was adjusted by the addition of diluted NaOD or DCl, and 
any resulting precipitate was removed by centrifugation. 
NHR spectra were measured in Bruker UM-300 MHz spectrometer by 
using a 45° flip angle (pulse width 5 ps), 2-s acquisition time, and 1-
s relaxation delay. Samples (0.5-0.6 ml) were contained in 5-mm NHR 
tubes, and generally, 1024 scans were collected in 16K memory. All 
chemical shifts were referenced to an external tetramethylsilane 
standard. Line broadening of 0.1 Hz was used to treat all NHR data, 
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and this value was subtracted to determine the line width. 
Two-dimensional Fourier transform NMR was performed at 300 MHz 
by using an Oxford Instruments superconducting magnet with a NT-300 
spectrometer, Nicolet 1280 computer, and Nicolet 293B pulse programmer. 
Spectra (128 X 1024) were collected using a recycle time of 4 s and a 
sweep width of 468 Hz. The two-dimensional COSY sequence was 90*-ti-
90'-acquisition. 
Calculation of the dissociation rate constant for AMP from 
fructose-1.6-bisphosphatase Line width were determined from the peak 
widths at half-maximum amplitude (6^ 1/2)• Under conditions of slow 
exchange (i.e., k^ ff « Au, where Aw represents the difference in 
chemical shifts between the enzyme-bound and free ligand), only peaks 
corresponding to free nucleotide are observed. The rate constant for 
dissociation of bound AMP from the enzyme, kgff, was determined from 
the equations (13,14), 
I/T2 - WAI/1/2 (1) 
and 
I/T2* - 1/T2F + f'koff (2) 
where T2* is the observed transverse relaxation time of the exchange 
broadened free nucleotide, T2f is the transverse relaxation time of a 
proton in free nucleotide in the absence of chemical exchange (in the 
absence enzyme), and f is the fraction of bound nucleotides. When 
exchange was determined to be fast on the NMR time scale in the absence 
of a chemical shift difference between bound and free nucleotide, k^ ff 
was estimated from 
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1/T2* - 1/T2F + f/(T2B + lAoff) (3) 
where T2b is the relaxation time of the proton In the enzyme-bound 
nucleotide. Assuming that T2b » lAof£> ^ off represents a lower limit 
value. The concentration of bound nucleotide was calculated by using a 
dissociation constant of 2 X 10"^  M (15) for the enzyme«AMP complex. 
With this low Kj value and the high AMP concentrations used In exchange 
experiments, all the enzyme sites were saturated with nucleotide. A 
of 9 X 10'® M for Fru-2,6-P2 was determined from Initial rate 
experiments for the rabbit liver enzyme.^  Kj values for Fru-6-P and Pj 
were taken to be 70 /xH and 2.7 mM, respectively, for the rabbit liver 
enzyme (16). 
F^. Liu and H. J. Fromm, unpublished results. 
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RESULTS 
In a recent report from this laboratory (8), we observed, from NMR 
experiments with bovine liver fructose 1,6-blsphosphatase, that the 
structural metal site to AMP allosterlc site distance increases by 
about 2 A in the presence of Fru-2,6-P2. On the other hand, it was 
found that the structural metal site to Fru-2,6-P2 was not alternated 
by the nucleotide. Furthermore, we noted that the lower limit value of 
koff for AMP exchange between the enzyme and ligand in solution 
decrease significantly in the presence of Fru-2,6-P2. Similar 
observations were obtained with the enzyme from rabbit llver^ . These 
findings could very well explain the synergism between Fru-2,6-P2 and 
AMP, i.e., tightened binding, reported from a number of laboratories 
for the phosphatase (1-3). Because the values for kgff we calculated 
(see Table I and Table IV in Ref. 8} are lower limit values, we could 
not conclude with certainty that Fru-2,6-P2 does in fact decrease the 
rate constant for AMP dissociation from fructose 1,6-blsphosphatase. 
We, therefore, attempted to measure kgff directly for AMP in the 
presence and absence of Fru-2,6-P2 by using NMR techniques. 
Binding of AMP to fructose-1.6-blsDhosDhatase When AMP is added 
to rabbit liver fructose 1,6-bisphosphatase at a concentration in 
excess of the protein concentration, the resonance of the C2-H and C8-H 
of the adenine ring and the rlbose Cl'-H have the same chemical shift 
as the free nucleotide but are significantly broadened (Fig. 1). The 
7.28-ppm resonance observed in Fig. 1, spectrum A, is contributed by 
CHCI3 in the deuterated chloroform from the external tetramethylsllane 
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Fig. 1. NMR spectra of AMP in the absence or presence of enzyme at 
298 K. NMR samples contained 1 mM Pipes (pH 6.5), 50 mM KCl, 
and 5 mM MgCl2. All spectra result from 1042 accumulations. 
A, 5 mM AMP; B, 2.5 mM AMP, 0.1 mM fructose-1,6-
bisphosphatase; C, 5 mM AMP, 0.1 mM fructose-1,6-
bisphosphatase 
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2. Temperature dependence of the broadening of AMP resonance 
relative to the fraction of enzyme-bound AMP. C2-H (A) and 
C8-H (o) 
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standard. In Fig. 1, spectrum B, two resonances can be observed In the 
range of 6.9 - 7.3 ppm, which are from the enzyme sample. These enzyme 
resonances can also be seen in Fig. 3, spectrum A. To ascertain if the 
change in line widths is indeed due to specific llgand binding to 
fructose 1,6-bisphosphatase rather than to changes in viscosity caused 
by the introduction of AMP (or Fru-2,6-P2) into the enzyme solution, 
two control experiments were carried out. First, when a 10-fold 
diluted sample was prepared, little change in line width broadening 
could be observed compared with those proton resonances of the 
undiluted sample. Second, a sample made up with a value of Py - 0.01, 
but containing heat denatured enzyme, gave a narrow line width (<3 Hz) 
for both proton resonances. These results showed clearly that the line 
broadening could be due to the exchange of the free and enzyme-bound 
AMP. 
The effect of varying the fraction of enzyme-bound nucleotide to 
free nucleotide at a constant enzyme concentration on the line widths 
of the adenine proton resonances was examined, and the titration curve 
showed that the AMP NHR signal is substantially broadened upon binding 
of AMP to the enzyme (data not shown). The temperature dependence of 
the variation in line width with Py (Fig. 2) suggests that the C2-H 
proton of AMP is in fast exchange, while the C8-H proton could be 
exchange limited. By using this latter assumption, the kgff for AMP Is 
1900 s"l. It is also possible using the data of Fig. 2 and the 
Arrhenius equation to calculate the energy of activation for the 
61 
dissociation for the C8-H proton. The determined value is 4.1 
kcal/mol. 
The effect of Fru-2.6-P2 and reaction products on the dissociation 
of AMP from fructose-1.6-bisphosphatase Fig. 3 shows the NMR 
spectra of AMP obtained In Pipes buffer (pH 6.5) containing 50 mM KCl 
and 5 mM MgCl2. In the presence of enzyme, the lines are significantly 
broadened (Fig. 3, spectrum C). When Fru-2,6-P2 was added to the 
sample, sharp resonances having the same chemical shifts as the free 
nucleotide were observed (Fig. 3, spectra D and B). The temperature 
dependence of the variation in line width with Py (Fig. 4) indicated 
that both the C2-H and the C8-H protons were in slow exchange in the 
presence of Fru-2,6-P2. Similar qualitative results were obtained when 
Fru-6-F and P^  at the same concentration as Fru-2,6-P2 were added to 
the AMP enzyme sample instead of Fru-2,6-P2 (data not shown). These 
results provide strong evidence that Fru-2,6-P2 and the fructose 1,6-
blsphosphatase reaction products alter the exchange rate of the C2-H 
proton of AMP from fast/intermediate to slow exchange on the NMR time 
scale. Dissociation rate constant (k^ ff) values for the C2-H and G8-H 
protons were calculated to be 70 and 110 s'l, respectively, at pH 6.5, 
298 K for AMP exchange from the enzyme*AMP*Fru-2,6-P2 complex (Equation 
2). The activation energy for the dissociation determined for AMP C2-H 
and C8-H protons is 2.9 kcal/mol and 2.2 kcal/mol, respectively; 
however, these values were not found to be significantly differently 
statistically. The presence of Fru-6-P and P^  also results in a slow 
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Fig. 3. NMR spectra of AMP in the absence or presence of fructose-
1,6-bisphosphatase and Fru-2,6-P2 obtained at 298 K. NMR 
samples contained 1 mM Pipes (pH 6.5), 50 mM KCl, and 5 mM 
MgCl2. A, 0.3 mM fructose-l,6-blsphosphatase; B, 2.5 mM AMP; 
C, 12.5 mM AMP, 0.5 mM fructose-l,6-blsphosphatase; D, C + 2.5 
mM Fru-2,6-P2 
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exchange of the nucleotide from the complex (AMP*enzyme«(Fru-6-P + 
Pi)). The koff for AMP from this complex Is 120 s'^  at pH 6.5, 298 K. 
Similar results were obtained in the absence of MgCl2. These data 
support the concluslonthat Fru-2,6-P2 decreases the rate constant 
(koff) for AMP dissociation from the enzyme*AMP*Fru-2,6-P2 complex 
relative to that of the enzyme «AMP complex. That the narrowing of AMP 
resonances is not the result of simple displacement of AMP by Fru-2,6-
P2 is based upon the following considerations. First, it is well 
established that AMP binding is enhanced by the bisphosphate (1-5). 
Second, when AMP line widths as a function of temperature (282-303 K) 
were measured in the presence of heat-denatured fructose 1,6-
bisphosphatase or in the absence of enzyme, the sharp lines for all AMP 
signals did not vary with temperature (data not shown). 
The effect of AMP on the dissociation of Fru-2.6-P2 from fructose-
1.6-blsphosphatase The numbering of protons in Fru-2,6-P2 is Indicated 
in Fig. 5. The assignment of protons of Fru-2,6-P2 observed in NMR 
studies (Fig. 6) is based upon the data of 2-D proton-proton correlated 
spectra (COSY) and pulse sequence MIS(T) with r - 80 ms (17). The 
results are summarized in Table I. 
In the presence of fructose 1,6-bisphosphatase, all of the Fru-
2,6-P2 peaks are significantly broadened (Fig. 7, spectrum C). 
Temperature dependence studies of these data indicated that the Cl-H(j9) 
proton of Fru-2,6-P2 is in the fast exchange region on the NMR time 
scale (data not shown). When AMP was added to this sample, the line 
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Fig. 4. Temperature dependence of the broadening of AMP resonances 
relative to the fraction of enzyme-bound AMP in the presence 
of Fru-2,6-P2. A, C2-H, o, C8-H 
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widths of all the proton peaks were additionally broadened (Fig. 7, 
spectrum D). However, the line width-temperature dependence 
experimental data indicate that the Fru-2,6-P2 Cl-H(/9) proton exchange 
rate does not decrease after AMP addition (data not shown). Because of 
the broadened resonances and Irregular base lines (see Fig. 7), we were 
not able to evaluate other Fru-2,6-P2 protons with confidence. The 
large peak shown in Fig. 7, spectrum B, is due to the polyethylene 
glycol, which was used in the enzyme purification procedure. 
66 
0=P-OCH O-P-0 
ICH2OH 
Fig. 5. Numbering system for the protons of Fru-2,6-P2 
Il 
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Fig. 6. % MMR spectrum of Fru-2,6-P2 in 1 bM phosphate buffer (pH 
6.5) containing 50 nM KCl at 298 K. Assignments of the peaks 
are as indicated 
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Fig. 7. NMR spectra of Fru-2,6-P2 in the absence or presence of AMP 
at 293 K. NMR samples contained 2 mM phosphate buffer (pH 
6.5), 50 mM KCl, and 5 mM MgCl2. All spectra result from 256 
scans. A, 5 nM Fru-2,6-P2î B, 0.5 mM fructose-1,6-
bisphosphatase; C, 8 mM Fru-2,6-P2, 0.5 mM fructose-1,6-
bisphosphatase; C, C + 2 mM AMP 
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DISCUSSION 
This report is an extension of earlier investigation from this 
laboratory on the mechanism of fructose 1,6-bisphosphatase regulation 
by AMP and Fru-2,6-P2 (7,8). It is now recognized that both AMP and 
Fru-2,6-P2 are potent synergistic inhibitors of fructose 1,6-
bisphosphatase, i.e., each ligand decreases the inhibition dissociation 
constant of the other ligand; however, the mechanism of this mode of 
regulation os only now emerging. We showed with bovine liver fructose 
1,6-bisphosphatase that the distance from the structural metal to AMP 
increased by 2 A in the presence of Fru-2,6-P2 (8). A similar 
observation was also made with the rabbit liver enzyme^  indicated that 
the enzyme-AMP exchange was significantly reduced when Fru-2,6-P2 was 
bound to the enzyme. This conclusion was alluded to when the f*T2p 
data were examined from our studies in which Mn^ *^  at the structural 
metal site was used to enhance AMP relaxation in NMR experiments. 
Unfortunately, these data provide lower limit values of Içoff for AMP 
dissociation from fructose 1,6-bisphosphatase and are, therefore, not 
definitive. 
We recently suggested that the mechanism of fructose 1,6-
bisphosphatase regulation may Involve metal binding at the catalytic 
metal site in addition to AMP and Fru-2,6-P2 (7). In our model, AMP 
and catalytic metal either bind mutually exclusively to the enzyme or 
AMP markedly Increase the dissociation constant for catalytic metal 
binding. Fru-2,6-P2 enhances the effect of AMP by preventing active 
site ligand binding to the enzyme, thus inhibiting catalytic metal 
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binding. In addition, on the basis of our earlier findings (8), we 
suggested that Fru-2,6-F2 makes AMP sticker, and this, in turn, makes 
the nucleotide more effective in preventing metal binding at the 
catalytic metal binding site (7). Results from the present 
investigation seem to support this hypothesis. 
Data present in this report show that at pH 6.5 exchange of the 
C2-H proton of AMP between the nucleotide in solution and that bound to 
fructose 1,6-bisphosphatase is in the fast/intermediate exchange region 
on the NMR time scale; however, the C8-H proton is exchange-limited. 
In the presence of Fru-2,6-P2 the dissociation rate constant, ISoff, of 
AMP from the ternary complex of enzyme bisphosphate AMP decreases to 
less than 110 s'^ , 17-fold lower than that obtained in the absence of 
Fru-2,6-P2. On the basis of these observations alone, it is possible 
to rationalize the synergistic effect of Fru-2,6-P2 on AMP binding and 
ultimately upon AMP inhibition. It is of interest that Fru-6-P plus P^  
can mimic the Fru-2,6-P2 effect. 
Cunningham et al. (18) obtained data from studies of the 
paramagnetic contribution of proton relaxation rates of AMP with 
fructose 1,6-bisphosphatase that suggest the exchange of C2-H proton is 
more rapid than that of the C8-H proton. These data are consistent 
with our findings. The likely explanation for these results is that 
with enzyme-bound AMP, the C8-H proton relaxes much more rapidly than 
does C2-H proton. The line width of the C8-H proton resonance was, 
therefore, used to calculate koff for AMP dissociation from the 
enzyme AMP binary complex. 
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Although it is well recognized that AMP and Fru-2,6-P2 can 
synergistically inhibit fructose 1,6-bisphosphatase, there is a 
suggestion in the literature that AMP has little effect on Fru-2,6-P2 
binding to the enzyme (19, 20). The results presented in this paper 
are consistent with these findings. The line width of all the Fru-2,6-
P2 resonance^  showed appreciable change upon addition of the enzyme 
(Fig. 7). When AMP was added to the enzyme Fru-2,6-P2 sample, an even 
more broadened line width spectrum can be observed (Fig. 7, spectrum 
D). The temperature dependence studies as a function of the line width 
data indicate that AMP does not alter the fast exchange between free 
Fru-2,6-P2 and Fru-2,6-P2 in the ternary complex. A number of 
mechanisms can account for the ability of AMP to increase the observed 
line widths of the Fru-2,6-P2 protons. These include proton-proton 
dipolar interaction, distribution of chemical shifts, i.e., different 
binding modes for Fru-2,6-P2, each exchanging with free ligand, and 
enhanced relaxation caused by chemical shift anlsotropy. Additional 
studies will be required to choose from among these possibilities. 
That both Fru-2,6-P2 and the fructose 1,6-bisphosphatase reaction 
products affect the kinetics of AMP dissociation from fructose 1,6-
bisphosphatase in a similar fashion is not surprising, i.e., these 
compounds lower the dissociation constant for AMP removal from the 
ternary complex (21). There is a large body of evidence currently 
available that suggests that both Fru-2,6-P2 and the substrate (or 
products) bind at the enzyme's active site domain (7,8,22-25). Support 
for this proposal comes from kinetic, biding, and NMR studies. In 
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addition, cursory examination of the conformations of spacefilling 
models of the Inhibitor, j8-ft-Fru-2,6-P2 (6), Indicates that they are 
very similar. It is quite clear, however, even though both of the 
reaction products and Fru-2,6-P2 make AMP "stickier" to the enzyme, 
these two classes of compounds seem to play different roles in the 
regulation mechanism. It was shown from our previous studies that fru-
6-P and P^  promote metal binding to the catalytic site, whereas Fru-
2,6-P2 prevents such binding (7). Therefore, there must be binding 
determinants at the active site domain of the enzyme that allow Fru-
2,6-P2 to be an.inhibitor and Fru-6-P and P£ to be products, or reverse 
reaction substrates (25). Explaining this aspect of the mechanism of 
fructose 1,6-blsphosphatase regulation remains an exciting challenge. 
Il 
73 
REFERENCES 
1. Marcus, F.(1981) tn The Regulation of Carbohydrate Formation and 
Utilization In Mammal* (Venezlalo, C. M., ed)pp. 269-290, 
University Park Press, Baltimore 
2. Hers, H. G., and Hue, L. (1983) Annu. Rev. Blochem. 52. 617-653 
3. Tejwani, G. A. (1983) Enzvmol. Relat. Areas Mai. Biol. 56, 
121-194 
4. Van Schaftingen, E. (1987) MZ. Enzvmol. Relat. Areas Mol. Biol. 
52, 315-395 
5. Stone, S. R., and Fromm, H. J. (1980) Biochemistry. 1£, 620-625 
6. Benkovlc, S. J., and deMalne, M. M. (1982) Adv. Enzvmol. Relat. 
Areas Mai- Biol. 51, 45-82. 
7. Scheffler, J. E., and Fromm, H. J. (1985) Biochemistry. 25, 6659-
6665 
8. Ganson, N. J., and Fromm, H. J. (1985) J. Biol. Chem. 260. 2837-
2843 
9. Ulm, E. H., Pogell, B. M., deMaln, M. M., Libby, C. B., and 
Benkovlc, S. J. (1975) Methods Enzvmol. 62, 369-374 
10. Lang, G., and Michael, G. (1974) in Methods of Enzvmatlc Analysis 
(Bergmeyer, H. U., ed.) Vol. 3, pp. 1314-1319, Academic Press, 
Orlando, FL 
11. Ames, B. N. (1966) Methods Enzvmol. &, 115-118 
12. Pontremoli, S. (1966) Methods Enzvmol. 2, 625-631 
13. Ehrlich, R. S., and Colman, R. F. (1985) Biochemistry. 26, 5378-
5387 
14. Pople, J. A . ,  Schneider, U. G., and Bernstein, H. J. (1959) High 
Resolution Nuclear Magnetic Resonance. McGraw-Hill Publications, 
Minneapolis, MN 
15. Pontremoli, S., Grazi, E., and Accorsi, A. (1968) Biochemistry 7. 
3628-3633 
16. Dudman, N. P. B., and deMaine, M. M., and Benkovic, S. J. (1978) 
J. Biol. Chem. 253 5712-5718 
17. Rutar, V., and Wong, T. C. (1987) J. Maen. Reson. 74. 275-292 
18. Cunningham, B. A., Raushel, F. M., Villafranca, J. J., and 
Benkovic, S. J. (1981) Biochcmistry 2Q, 359-362 
19. Kltajima, S. and Uyeda, K. (1983) J. Biol. Chem. 7352-7357 
20. McGrane, M. M., El-Maghra'bi, M. R., and Pllkls, S. J. (1983) 2-
Biol. Chem. 258. 10445-10454 
21. Pilkis, S. J . ,  El-Maghrabi, M. R., McGrane, M. M., Pilkis, J. and 
Claus, T. H. (1981) I. Biol. Chem. 256. 11489-11495 
22. Benkovic, P. A,, Caperelll, C. A., deMaine, M. M., and Benkovic, 
S. J. (1978) Proc. Natl. Acad. Sci. U. S. A. 75. 2185-2189 
23. Pilkis, S. J., El-Maghrabi, M. R., Pilkis, J., Claus, T. H., and 
Cumming, D. A. (1981) J. Biol. Chem. 2^ , 3171-3174 
24. Pontremolis, S., Melloni, E., Mlchetti, M., Salamlno, F., 
Sparatore, B., and Horecker, B. L. (1982) Arch. Blochem. Biophvs. 
21&, 609-613 
25. Ganson, N. J., and Fromm, H. J. (1982) Blochem. Biophvs. Res. 
Commun.. 108, 233-239 
75 
26. Hesbaln-Frlsque, A. M., Van Schaftingen, E., and Hers, H. G. 
(1981) Eur. J. Blochem. HZ, 325-327 
27. Casazza, J. P., Stone, S. R., And Fronm, H. J. (1979) 2. Biol. 
Chem. 254. 4661-4665 
76 
SECTION IV: KINETIC STUDIES ON THE MECHANISM AND REGULATION OF RABBIT 
LIVER FRUCTOSE 1,6-BISPHOSPHATASE 
77 
Kinetic Studies on the Mechanism and Regulation 
of Rabbit Liver Fructose-l,6-Bisphosphatase 
Feng Liu and Herbert J. Fromm 
Department of Biochemistry and Biophysics 
Iowa State University, Ames, lA 50011 
This research was supported in part by Research Grant NS10546 from 
the National Institutes of Health, United States Public Service, and 
Grant DMB-8904868 from the National Science Foundation. This is 
Journal Paper J-13798 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, lA: Project 2575. 
78 
ABSTRACT 
The interaction of Mgf*, AMP, and fructose 2,6-bisphosphate with 
respect to rabbit liver fructose-l,6-bisphosphatase was investigated by 
studying initial-rate kinetics of the system at pH 9.5. A rapid-
equilibrium Random Bi Bi mechanism is suggested for the rabbit liver 
enzyme from the kinetic data. Our kinetic findings indicate that Mg2+ 
and the inhibitor AMP are mutually exclusive in their binding to 
fructose-l,6-bisphosphatase. This probably is the mechanism for AMP 
regulation of fructose-l,6-bisphosphatase and thus, to some extent, 
gluconeogenesis. A kinetic model for the interaction of these ligands 
with respect to rabbit liver fructose-l,6-bisphosphatase is presented. 
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INTRODUCTION 
Fructose-1,6-blsphosphatase occurs at a crucial control point In 
carbohydrate metabolism. In the presence of divalent metal Ions, the 
enzyme catalyzes the hydrolysis of D-fructose 1,6-blsphosphate (D-Fru-
1,6-P2) to D-Fru-6-P and Inorganic phosphate. Fructose-1,6-
blsphosphatase from rabbit liver Is a homotetramer with a subunlt 
molecular wel^ t of 35,000 (1,2). It has been shown from binding 
Investigations that there are two metal binding sites per enzyme 
subunlt: a hlgh-afflnlty "structural" site and a low-afflnlty 
"catalytic" site (3-5). Binding of metal Ions to the "catalytic" site 
occurs only In the presence of substrates or substrate analogs (3-6). 
Although the terms "structural" and "catalytic" denote specific 
functions for the two sites, there Is no direct evidence as to how 
either metal Ion participates In the catalytic mechanism. 
It Is now well established that the coordinated regulation of 
fructose-l,6-blsphosphatase and phosphofructoklnase Is controlled by 
AMP and Fru-2,6-P2 (7-9). Kinetic (10-12) and binding Investigations 
(13,14) have shown that Fru-2,6-P2 is a competitive inhibitor of the 
substrate, Fru-1,6-P2. Although the model for competitive inhibition 
predicts that two llgands are mutually exclusive in their binding to 
the enzyme, it is possible for an allosterlc inhibitor to exhibit 
competitive kinetics; however, recent results from nuclear magnetic 
resonance (NMR) spectroscopy (15) and X-ray diffraction studies (16) 
strongly support the hypothesis that Fru-2,6-P2 binds to the enzyme at 
the active site. 
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AMP Is clearly recognized as an allosterlc Inhibitor of fructose-
1,6-bisphosphatase. The inhibition of the enzyme by AMP is nonlinear 
noncompetitive with respect to Fru-1,6-P2 from the forward reaction 
direction (17-19) and nonlinear noncompetitive with respect to both 
Fru-6-P and in the reverse reaction (19). Recent fluorescence 
investigations have shown that the binding of IMP, a fluorescent analog 
of AMP, is enhanced in the presence of Fru-2,6-P2 (20). This 
observation is further supported by results from NMR studies that 
Indicate that the rate constant for dissociation of AMP from the 
enzyme*AMP*Fru-2,6-P2 complex is 17-fold lower than that of AMP in the 
AMP*enzyme binary complex (21). 
The effect of metal ions on AMP inhibition is unclear. It was 
reported that Mg2+ can reduce both AMP binding and inhibition (22-24). 
Binding of metal Ions at the low-affinity metal binding site is 
observed in the absence of substrate, and the binding of metal Ions is 
competitive with the binding of FMP (20). In the presence of substrate 
analogs, however, the concentration of each metal ion required to 
displace FMP is reduced by approximately 1 order of magnitude (20). 
Unpublished NMR studies by Ganson and Fromm (Iowa State University) 
suggest that when the stoichiometry of Mn^ "*" to enzyme exceeds one per 
subunlt, metal, which according to the known dissociation constant for 
the enzyme-metal complex should be bound, appears free in solution both 
in the presence and absence of products. In addition, recent X-ray 
diffraction studies indicate that there is only one Mg2+ bound to each 
enzyme subunlt although there seems to be two metal binding sites (Dr. 
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William Lipscomb, Harvard University, personal communication). 
Our purpose In undertaking the studies In the present report was 
to establish the kinetic mechanism for fructose-l,6-blsphosphatase and 
to define the role of Mg2+ and the regulatory llgands AMP and Fru-2,6-
P2. The results of this study are consistent with a rapid-equilibrium 
Random B1 B1 mechanism. A kinetic model for the Interaction of the 
substrate, metal, and the regulatory llgands with respect to rabbit 
liver fructose-l,6-blsphosphatase Is presented. 
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EXPERIMENTAL PROCEDURES 
Materials Rabbit liver fructose-l,6-bisphosphatase was purified 
from frozen liver (Pel-Freez Biologlcals, Rogers, AR) according to the 
method of Ulm et al. (25). 1 mN phenylmethylsulfonyl fluoride was 
included in the homogenate buffer. Fructose-1,6-blsphosphatase 
activity was measured as described elsewhere (25). The specific 
activity of the enzyme was 20, and the pH 7.5/9.6 activity ratio of the 
purified enzyme was above 2.0 and remained constant throughout 
purification. Glucose 6-phosphate dehydrogenase and 
phosphoglucoisomerase were purchased from Boehringer Mannheim; cadmium 
chloride was purchased from Mallinckrodt Chemical Works; 8-
hydroxyqulnoline was bought from Fisher Scientific Company; and NADP, 
Fru-6-P, Fru-1,6-P2, Fru-2,6-P2, MgClO^  and dlethanolamine were 
obtained from Sigma. 
Fru-1,6-P2 concentration was assayed enzymatically (26), and the 
acid hydrolysis product of Fru-2,6-P2 (namely, Fru-6-P) was assayed in 
the same way after neutralization to determine the concentration of 
Fru-2,6-P2 in the stock solution. Atomic absorption spectroscopy was 
employed to measure the concentrations of the stock Mg2+ solution. The 
AMP concentration in the stock solution was determined by measuring the 
absorbance at 259 nm by using an extinction coefficient of (259 _ 
15,400 M"^  cm'l, at pH 7.0. 
Distilled delonized water was used in all experiments, and all the 
reagents were of the highest purity available commercially. All 
solutions used in the experiments, including water, were Chelex 
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treated. Plastic tubes were acid washed and thoroughly rinsed before 
use. 
Methods Preceding kinetic experiments, fructose-1,6-
blsphosphatase was exhaustively dlalyzed against buffer containing 5 mM 
MgCl2 to assure removal of the Fru-1,6-P2 used to elute the enzyme from 
carboxymethylcellulose during purification (25). Subsequently, the 
enzyme was dlalyzed against S mM malonate (pH 6.8) overnight by using a 
rocking dlalyzer. After dialysis, the enzyme sample was concentrated 
In an Amlcon Gentrlcon™ 30 mlcroconcentrator to a final concentration 
of about 0.1 mM (enzyme monomer), assuming a subunlt Mg - 35,000 (7-8). 
Protein concentrations were determined by measuring the absorbance at 
280 nm by using an extinction coefficient of 0.89 for a 0.1% solution 
(27). Ammonium sulfate was removed from solutions of auxiliary enzymes 
by exhaustive dialysis at pH 8.0 against 5 mM dlethanolamlne. 
The stability constants of the complexes of Mg'NADP and Mg*Firu-
2,6-P2 were determined at pH 8.0 in the dlethanolamlne/HCl buffer by 
using 8-hydroxyquinollne (28). The values are 450 M'^  for Mg*NADF and 
180 M"^  for Mg*Fru-2,6-P2. The stability constants for Mg*Fru-l,6-P2, 
Mg.AMP, and Mg'Cd are 350 M'l, 40 M'^  (17), and 0.01 M'^  (29), 
respectively. The free concentrations of Mg2+ In the enzyme assay 
solutions were calculated on the basis of these values, and they were 
not adjusted for Mg2+ bound to KCl, which was assumed constant In all 
assays. 
A coupled spectrofluorometrlc assay was employed to measure the 
rate of NADPH formation at 25"C. Velocity is expressed in arbitrary 
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fluorescence units per min. The excitation and emission wavelengths of 
a Spex spectrofluorometer were 340 and 476 nm, respectively. Silts 
were fixed at 1.25 mm. The assay mixture contained 50 mH 
dlethanolamlne, pH 9.5, 0.1 M KCl, 50 pM NADP, 2 units of glucose 6-
phosphate dehydrogenase, and 2 units of phosphoglucolsomerase, in a 
final volume of 2.5 ml. Fructose-1,6-bisphosphatase employed in the 
experiments, which varied in concentration from 0.3 (M to 0.5 (M, had 
been preincubated with Mg^ * for at least 20 mln, and the reaction was 
started by the addition of Fru-1,6-P2. Initial rate data were analyzed 
by using a computer program written in OMNITAB II language, with an a 
value of 2.0 (30). The kinetic data were fit to a variety of models 
and tested for goodness of fit using the F-test (30). 
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RESULTS 
Fructose-1,6-blsphosphatases Isolated from different sources 
exhibit many common properties. The enzyme has an absolute requirement 
for divalent metal Ions for its activity, and Its activity Is 
synerglstlcally Inhibited by AMP and Fru-2,6-F2 In many species (9). 
It has been proposed that fructose-l,6-blsphosphatase has two sets 
of divalent metal binding sites: a "structural" and a "catalytic" 
metal binding site (3-5). Results from binding experiments showed that 
metal ions can bind to the second site only in the presence of 
substrate analogs (3-5). Recent studies from our laboratory have shown 
that binding of metal ions is competitive with respect to FMP, a 
fluorescence analog of AMP (20); however, we did not in any way infer 
from this finding that the metal and AMP sites overlap. In addition, 
we also found that metal binding occurred in the absence of substrates 
(20). Kinetic experiments were undertaken in an attempt to further 
understand the function of the metal ions involved in the enzyme 
kinetic mechanism and to understand the interactions of the substrates, 
metal ions, and inhibitors (AMP or Fru-2,6-P2). It had been reported 
that when data from primary plots are replotted, the slope and 
intercept replots against free [Mg^ *] are parabolic at neutral pH, 
whereas they are linear at alkaline pH (17). It was for this reason 
that all our kinetic experiments were done at pH 9.5. 
Kinetic studies in the absence of inhibitors Fig. 1 shows the 
double-reciprocal plots of initial velocity against [Fru-1,6-P2] (Fig. 
lA) or against free [Mg^ *] (Fig. IB). When Fru-1,6-P2 concentration 
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Fig. 1. Plot of the reciprocal Initial velocity against (A) the 
reciprocal molar concentration of Fru-1,6-P2 at (•) 0.33 mM, 
(A) 0.25 nM. (O) 0.2 aK, (a) 0.167 oH. and (0) 0.14 nM Mg2+ 
and (B) the molar concentration of Mgr'*' at (•) 5 pM, (A) 1.67 
pH, (O) 1 fOf, (•) 0.714 jiM, and (0) 0.556 /iH Fru-1.6-P2. The 
coupled spectrofluorescence assay was performed at 25*C in 50 
mM diethanolamine buffer, pH 9.5, containing 0.1 M KCl 
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was varied at different fixed concentrations of Mg2+, a family of lines 
Intersecting below the abscissa was obtained (Fig. lA). The family of 
curves for various concentrations of free Mg2+ at different fixed 
concentrations of Fru-1,6-F2 Is similar to those observed when Fru-1,6-
P2 was varied (Fig. IB). When the data presented In Fig. 1 were 
computer fitted to a variety of kinetic equations, which Included the 
Ping Pong B1 B1 case, the sequential B1 B1 mechanism, and steady-state 
and rapid-equilibrium mechanisms In which the sequence of llgand 
addition Is metal, substrate, metal. In that order, leading to a 
quartemary complex with enzyme, the best fit was obtained with the 
rate equation: 
m^ax*^ *® 
V 
A'B + Kg.B + Kb'A + Kia'Kb 
where V^ ax» A, B, K^ , Ky, and represent the maximum velocity of the 
reaction, the concentration of the free Mg2+, the concentration of the 
free Fru-1,6-P2, the Michaelis constant for Mg2+, the Mlchaells 
constant for Fru-1,6-P2, and the dissociation constant for Mg^ *, 
respectively. The values of the constants were determined by using the 
computer program of Slano et al. (30) with an a - 2.0 and are 
summarized in Table I. These results indicate that the kinetics follow 
a sequential mechanism in which an enzyme*Mg*Fru-l,6-P2 ternary complex 
must form before any products are released. 
The findings Illustrated in Figs. lA and IB serve to exclude the 
participation of more than 1 mol of metal binding to 1 mol of fructose-
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Table I. Kinetic constants for the fructose-l,6-blsphosphatase reaction 
Content Enzyme Interaction Value 
Kia E + Mg2+ - E.Mg2+ 0.3 ± 0.18 mM 
Kib E + Fru-1,6-P2 - E*Fru-l,6-P2 1.3 ± 0.14 /iM 
Ka E«Fru-l,6-P2 + Mg2+ - E'Fru-l,6-P2'Mg2+ 1.1 ± 0.12 mM 
Kb E'Mg^ "*" + Fru-1,6-P2 - E*Fru-l,6-P2*Mg2+ 4.9 ± 0.76 /iM 
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1,6-blsphosphatase. Had the binding stoichometry been 2 metal ions per 
enzyme subunlt, [metal]^  terms would have been generated in the rate 
expression analogous to Equation 2. On the basis of these results, it 
is reasonable to conclude that the suggestion that the sequence of 
ligand binding to enzyme: metal, substrate, metal, is untenable at pH 
9.5. The requirement for "structural" and "catalytic" metal binding 
sites as an integral part of the fructose-1,6-bisphosphatase mechanism 
in the physiological pH range (3-5) is clearly not excluded by these 
kinetic results. 
Inhibition studies with Fru-2 G-P? and Cd2+ The initial rate 
experiments shown in Figs. lA and IB eliminated a number of possible 
kinetic mechanisms from consideration for fructose-l,6-blsphosphatase; 
however, they did not permit a choice to be made between the steady-
state Ordered Bi Bi mechanism and the rapid-equilibrium Random Bi Bi 
case. The use of competitive dead-end inhibitors is a valuable tool 
for distinguishing between these two possibilities (31). Studies were 
therefore carried out with a competitive inhibitor of the substrate, 
Fru-2,6-P2, and a competitive inhibitor of the metal activator, Cd^ *. 
A number of investigators have shown from kinetic studies that 
Fru-2,6-P2 is a competitive inhibitor of the substrates in both the 
forward (10,11) and the reverse (12) fructose-l,6-blsphosphatase 
reactions. Similar findings were also obtained in our experiments for 
rabbit liver fructose-1,6-bisphosphatase at pH 9.5 (data not shown). 
When free Mg^ * concentration was varied at different fixed Fru-2,6-P2 
concentrations, the data show a family of lines intersecting above the 
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abscissa (Fig. 2). Equation 2 represents the rate expression that best 
fits the data shown in Fig. 2: 
V 
1 1 
1 + 
A 
+ 
Kb I KiaKb I 
(1 + ) + <1 + ) (2) 
B Kllx  ^ Kix 
where - [E][I]/[EI] and Kii* " [EA][I]/[EAI]. The values of these 
constants were determined from the data presented in Fig. 2 and are 
given in Table II. If the mechanism is rapid-equilibrium Random Bi Bi, 
a third dissociation constant can be obtained from the relationship 
Kiiix - [EI][A]/[EAI]. The data of Fig. 2 were also tested for 
competitive and uncompetitive inhibition. 
As shown in Equation 2, in the case of a competitive dead-end 
inhibitor for substrate B, the double-reciprocal plot of 1/velocity 
against 1/B should be competitive, whereas the plot of 1/velocity 
against 1/A should be noncompetitive in the case of the Random Bi Bi 
mechanism. On the other hand, if the kinetic mechanism is Ordered Bi 
Bi, the double-reciprocal for 1/veloclty versus 1/A should be 
uncompetitive, and a family of parallel lines should be obtained. 
We knew from unreported experimental results from our laboratory 
that cadmium can inhibit fructose-l,6-bisphosphatase activity. Because 
it was essential to obtain a competitive inhibitor for Mg^ *, the 
inhibition of the enzyme by this metal ion was therefore investigated 
kinetlcally. As shown in Fig. 3, when Mg2+ was the variable activator 
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Fig. 2. Double-reciprocal plot of 1/inltlal velocity against 1/Mg^  ^
concentration at (•) 0 /iM, (A) 0.4 /iM, (o) 0.8 /iM, (•) 1.2 /iM, 
and (0) 1.6 pM Fru-2,6-P2. The coupled spectrofluorescence 
assay was performed at 25°C in 50 mM diethanolamine buffer, pH 
9.5, containing 0.1 M KCl, 5 /iM Fru-1,6-P2 
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Table II. Kinetic constants for the Inhibition by AMP, Fru-2,6-P2 
and Cd2+ In the fructose 1,6-blsphosphatase reaction 
Constant Enzyme Interaction Value 
Kix E + Fru-2,6-P2 - E*Fru-2,6-P2 1.3 /iM 
Kiix E«Mg2+ + Fru-2,6-P2 - E«Mg2+'Fru-2,6-P2 1.5 /iM 
Kiiix E«Fru-2,6-P2 + - E'Mg2+*Fru-2,6-P2 0.4 mM 
Kiy E + Cd2+ - E«Cd2+ 0.7 /iM 
Kiiy E»Fru-l,6-P2 + Cd^ "*" - E*Fru-l,6-P2'Cd2+ 4.1 tM 
Kiiiy E'Cd^ * + Fru-1,6-P2 - E*Fru-l,6-P2«Cd^ '*' 0.3 /iM 
Kiz E + 2AMP - E*AMP2 26.0 (pM)2 
Kiiz E*Fru-l,6-P2 + 2AMP - E»Fru-l,6-P2*AMP2 18.6 (/iM)^  
l^llz E»AMP2 + Fru-1,6-P2 - E*Fru-l,6-P2*AMP2 0.9 /M 
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3. Double-reciprocal plot of 1/lnltlal velocity against l/Mg^ *^  
concentration at (0) 0 /iM, (A) 1 pM, (O) 2 /iH, (•) 3 pM, and 
(m) 4 pH Cd^ .^ The coupled spectrofluorescence assay was 
performed at 25*0 in 50 mM dlethanolamine buffer, pH 9.5, 
containing 0.1 M KCl, 5 pM Fru-1,6-P2 
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at different fixed concentrations of Cd^ ,^ competitive Inhibition was 
observed. Cd^ "** was found to be a noncompetitive Inhibitor for the 
substrate (Fig. 4). The best fit of the experimental data was to 
Equation 3: 
V, max 
Ka I Kb KiaKb I 
1 + (1 + ) + —— + — (1 + ) 
l^ly B AB Kly 
(3) 
where Kjy - [E][I]/[EI] and K^ y - [EB] [I]/[EBI]. If the mechanism Is 
rapid-equilibrium Random B1 Bl, a third dissociation constant K^ n^y -
[EI][B]/[EBI]. Other models tested with the data of Fig. 3 were for 
linear noncompetitive and linear uncompetitive Inhibition. 
The data depicted In Fig. 4 were also tested for linear 
competitive and linear uncompetitive Inhibition, which gave Inferior 
fits compared with the linear noncompetitive model. The values of the 
Inhibition constants were calculated from the data presented In Fig. 4 
and are summarized In Table II. From these results, and those showed 
in Fig. 2, It Is clear that an Ordered Bl Bl mechanism In which Fru-
1,6-P2 binds to the enzyme before the Mg^  ^Is unlikely. 
Kinetic studies of AMP Inhibition It was found from fluorescence 
experiments that the binding of metal ions to the rabbit liver 
fructose-1,6-bisphosphatase is competitive with the binding of FMP 
(20). This observation led us to further characterize the role of AMP 
with respect to the catalytic metal ion Involved in the enzyme kinetic 
mechanism. Figs. 5 and 6 show Llneweaver-Burk plots of kinetic data at 
different fixed AMP concentrations. A number of mechanisms were 
l! 
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Fig. 4. Double-reciprocal plot of l/lnltlal velocity against 1/Fru-
1,6-P2 concentration at (•) 0 M, (0) 0.25 pM, (a) 0.50 /iM, 
(O) 0.75 iM, and (A) 1.0 /iM Cd^ "*". The coupled 
spectrofluorescence assay was performed at 25 "C in 50 mM 
diethanclamine buffer, pH 9.5, containing 0.1 H KCl, 0.3 mM 
MgC104 
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Fig. 5. Double-reciprocal plot of l/lnltlal velocity against l/H^ * 
concentration at (0) 0 pN, (A) 1 pM, (O) 2 pM, (•) 3 pM, and 
(•) 4 pM AMP. The coupled spectrofluorescence assay was 
performed at 25'C in 50 mM dlethanolamine buffer, pH 9.5, 
containing 0.1 H KCl, 5 pM Fru-1,6-P2 
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Fig. 6. Double-reciprocal plot of l/inltlal velocity against 1/Fru-
1,6-P2 concentration at (•) 0 /M, (0) 2.5 /iM, (•) 5 iM, (O) 
7.5 pH, and (Â) 10 /iH AMP. The coupled spectrofluorescence 
assay was performed at 25*C in 50 mM diethanolamine buffer, pH 
9.5, containing 0.1 M KGl, 0.3 mM MgClO/^  
98 
eliminated by fitting the data to different kinetic equations involving 
linear and nonlinear inhibition. The best fits obtained for the data 
shown in Fig. S and 6 are consistent with the rapid-equilibrium Random 
mechanism along with the interactions: 
Kj_2 
E + 21 - El2 (4) 
Kiiz 
EB + 21 - EBl2 <5) 
i^iiz 
EI2 + B — EBI2 (6) 
where the derived rate equation predicts slope-parabolic competitive 
inhibition (Fig. 5) and intercept-parabolic, slope-parabolic 
noncompetitive inhibition (Fig. 6). Equation 7 best describes the 
data shown in Fig. 5 and 6. 
"max 
Ka l2 Kb KiaKb 
1 + (1 + ) + + (1 + ) 
 ^ i^iz B AB K£2 
(7) 
In Equation 7, and Kng represent the dissociation constants 
for AMP from the enzyme«AMP2 and enzyme * Fru-1,6-P2'AMP2 complexes, 
respectively. The values of these constants were deteirmined from the 
data presented in Figs. 5 and 6 and are given in Table II. 
It is clear from Equation 7 that a dead-end competitive Inhibitor, 
I, for substrate A of the Random Bi Bi mechanism will be a 
noncompetitive inhibitor of the other substrate in the reaction. 
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Therefore, when Fru-1,6-P2 is the variable substrate, the double-
reciprocal plot at different levels of AMP will exhibit Increases in 
both slopes and intercepts. Fig. 6 shows the fit of the data from 
these experiments to the kinetic mechanism described by Equation 7. As 
expected, when a double reciprocal plot of 1/veloclty against l/[Fru-
1,6-^ 2] made at different concentrations of AMP, a family of 
intersecting lines was obtained (Fig. 6). This result is also 
consistent with the findings of others (15,17,19,32). It is well known 
that AMP is not a simple linear inhibitor of fructose-1,6-
bisphosphatase (15,17,32). In addition, Stone and Fronm (19) found by 
means of progress curve analysis that AMP caused slope-parabolic, 
intercept-parabolic noncompetitive inhibition with respect to Fru-1,6-
?2- All these data are consistent with the rapid-equilibrium Random Bi 
Bi mechanism. 
Although the initial rate kinetics are in harmony with the rapid-
equilibrium Random Bi Bi mechanism, the mechanism may be steady-state 
Random Bi Bi (33). A choice between these possibilities can be made by 
using either isotope exchange or pulse-chase experiments (34). The 
latter protocol is relatively more feasible in the case of fructose-
1,6 -bisphosphatase. The results of experiments from Benkovic's 
laboratory (35) showing that substrate cannot be trapped using the 
pulse-chase protocol, along with the results of this study, suggest 
that the kinetic mechanism for fructose-1,6-bisphosphatase Is rapid-
equilibrium Random Bi Bi. On the other hand, pulse-chase experiments 
by Stone and Fromm (36) showed that phosphate could be trapped in the 
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reverse reaction. These findings suggest that the kinetic mechanism 
may In fact be steady-state Random B1 Bl, rather than equilibrium 
Random; however, those studies were carried out at saturating levels of 
Mg^ "*" and are relevant only for the reverse reaction. 
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DISCUSSION 
Although the kinetic mechanism of the fructose-1,6-bIsphosphatase 
reaction has received a good deal of attention during the past 15 
years, a definitive conclusion has not been reached regarding the 
sequence of enzyme, metal, and substrate interaction. Kinetic results 
obtained from studies of the bovine hepatic fructose-l,6-bisphosphatase 
reaction in the physiological pH range have shown that double-
reciprocal plots involving Mg^ '*' are intersecting, indicating a 
sequential mechanism for Mg^ "*" and Fru-1,6-P2 (37). On the basis of 
these kinetic results, Marcus et al. (37) suggested that a rapid-
equilibrium Ordered Bi Bi mechanism is unlikely; however, they 
indicated a preference for the Random Bi Bi mechanism although their 
data did not exclude the steady-state Ordered Bi Bi case. Similar 
suggestions have also been made from binding experiments (38). Because 
fructose-1,6-blsphosphatase can also bind Fru-1,6-P2 in the absence of 
Mg^  ^(1,2,39), a Random mechanism for fructose-1,6-blsphosphatase 
reaction was suggested (38). This hypothesis is also supported by 
kinetic data obtained at pH 9.5 (17). Nlmmo and Tipton (17) found 
that, at this pH, the enzyme obeys either a rapid-equilibrium Random BI 
Bi mechanism or a steady-state Ordered Bi Bi mechanism in which Fru-
1,6-P2 binds to the enzyme before the cation. None of these earlier 
studies provided definitive proof of the rapid-equilibrium Random BI BI 
mechanism for fructose-1,6-blsphosphatase from kinetic experiments. 
The data presented in this report are consistent with a rapid-
equilibrium Random Bi Bi mechanism for the rabbit liver fructose-1,6-
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blsphosphatase reaction involving Fru-1,6-P2 and at pH 9.5. If 
the kinetic mechanism for rabbit liver fructose-1,6-blsphosphatase was, 
in fact. Ordered Bi Bi, then at least one uncompetitive inhibition plot 
should have been observed in the double-reciprocal graphs for 
inhibition by Cd^ *** and Fru-2,6-P2(31). Examination of the data shown 
in Fig. 2 and Fig. 4 suggests that this certainly is not the case. In 
addition, the fact that AMP is a competitive inhibitor of Mg^ '*' and a 
noncompetitive inhibitor of Fru-1,6-P2 gives further support to the 
suggestion that the kinetic mechanism is Random Bi Bi. 
It has been suggested, from the use of Mn^ "*" or Zn^  ^as the 
activating ion, that the metal binds to the structural site, after 
which substrate binding occurs (4,5). Binding to the "catalytic" metal 
site, which takes place after the binding of Fru-1,6-P2 to the enzyme, 
gives rise to the catalytically competent quaternary complex (4,5). 
This suggestion is thought to be supported by pulse-chase experiments 
(35): however, as we pointed out in 1976 (34), if a kinetic mechanism 
is steady-state Random Bi Bi, one can expect to trap either substrate 
on the enzyme by using the pulse-chase protocol, whereas if the 
mechanism is rapid-equilibrium Random Bi Bi, neither substrate will be 
trapped. Studies from Benkovic's laboratory (35) demonstrated that 
Fru-1,6-P2 could not be trapped. These findings are fully consistent 
with the rapid-equilibrium Random Bi Bi mechanism. 
The fact that the double reciprocal plots in which 1/velocity is 
plotted against l/Mg^ "*" are linear, mitigates against the suggestion 
that more than a single metal ion binds to fruetose-1,6-blsphosphatase. 
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Thus, the proposal that there are "structural" and "catalytic" metal 
sites associated with the enzyme (3-5,35) is not consistent with the 
data of this report nor the findings of Nimmo and Tipton (17), at least 
at pH 9.5. Unpublished X-ray diffraction studies from Dr. William 
Lipscomb's laboratory (Harvard University, personal communication) 
reveal that only one ion binds per enzyme monomer at neutral pH; 
however, at very high concentrations of Mg^ "*" (10 mM), a second metal 
ion does bind to the enzyme. 
It is possible to calculate the dissociation constants shown in 
Tables I and II from the initial rate data obtained in this report. 
The data depicted in Table I reveal that Mg^ ,^ when bound to the 
enzyme, decreases the affinity of the enzyme for the substrate relative 
to Fru-1,6-F2 binding to the free enzyme. An analogous situation holds 
for metal binding to the free and substrate-complex form of the enzyme. 
These effects are a consequence of the intersection of the lines shown 
in Figs. lA and IB below the abscissa axis. In most, but by no means 
all, instances when a substrate or activator is bound to an enzyme, the 
affinity of the enzyme for the second ligand is enhanced and 
intersection of the double reciprocal plots would be above the x-axis. 
One explanation of the data shown in Figs. lA and IB involves the 
relationship known to exist between binding energy and energy required 
to induce the required conformation for catalysis or binding by the 
enzyme of additional ligands. Because rather than Mg^ "*", is 
believed to be the physiological activator of fructose-1,6-
bisphosphatase (7,8), it is possible that more binding energy is 
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utilized with than with Zn^ "*" in order to achieve the proper 
conformation of the active ternary complex of enzyme, metal, and 
substrate. The net result of this loss of binding energy would be 
manifested as a decrease in affinity of the enzyme for either the 
activator or the substrate in the formation of the active ternary 
complex. It is of course possible that the relationship observed is 
independent of the nature of metal ion and that ligands are simply held 
less tightly in the ternary complex than in the binary complex based on 
the same thermodynamic rationale suggested for Mg^ "*". Finally, it is 
possible that the kinetic mechanism is not truly rapid-equilibrium 
Random Bi Bi, but has instead some steady-state Random character. In 
this case and are not true dissociation constants and cannot be 
compared as such to Hichaelis constants (33). 
Mg^  ^seems to have little effect on Fru-2,6-P2 dissociation from 
the ternary enzymeFru-2,6-P2 complex. In fact, Fru-2,6-P2 
enhances binding of Mg^ "*" to the binary complex as compared to the 
substrate. AMP, when bound to fructose-1,6-bisphosphatase, seems to 
have very little effect on substrate binding; however, as kinetic 
results of this study indicate, metal and AMP are mutually exclusive in 
their binding to enzyme. 
One question that arises from studies of the type presented in 
this report concerns the validity of the extrapolation from experiments 
at pH 9.5 to those in the physiological pH range. It is clear that the 
cooperativity observed for the metal ion activator is lost in the 
alkaline pH region; on the other hand, a number of the kinetic 
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parameters remain unchanged. For example, the Mlchaells constant and 
dissociation constant for Fru-1,6-P2 shown In Table I approximate the 
literature reported values at neutral pH (4) as does the dissociation 
constant for AMP (4,40). It is of course possible that the kinetic 
mechanism changes when there is a change in pH, however, this remains 
an open question, not only in the case of fructose-1,6-bisphosphatase 
in this report, but also with the large number of enzymes investigated 
by pH kinetics (41). 
Fructose-1,6-bisphosphatase is a key regulatory enzyme in 
gluconeogenesis. It is now well recognized that the enzyme is 
regulated by Fru-2,6-P2 and AMP (9). Results from binding experiments 
have shown that the synergistic inhibition by AMP and Fru-2,6-P2 is due 
to the ability of Fru-2,6-P2 to enhance the affinity of the enzyme for 
AMP (14). Fluorescence investigations from our laboratory have shown 
that the catalytic metal and AMP binding is competitive (20). a-
Methyl-D-fructofuranoside 1,6-blsphosphate, an analog of the substrate 
Fru-1,6-P2, as well as Fru-6-P and inorganic phosphate, enhances metal-
mediated FMP displacement from rabbit liver fructose-1,6-
bisphosphatase. Fru-2,6-P2, on the other hand, has no such effect 
(20). On the basis of these observations, Scheffler and Fromm (20) 
proposed a model for the molecular regulation of fructose-1,6-
bisphosphatase by metal, AMP, and Fru-2,6-P2. In their hypothesis, AMP 
displaces the catalytic metal from fructose-1,6-bisphosphatase, and its 
affinity for the enzyme is enhanced by Fru-2,6-P2. 
The results presented in this paper demonstrate clearly that AMP 
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is a competitive inhibitor of the metal ion, i.e., they are mutually 
exclusive in their binding to fructose-1,6-bisphosphatase; however, 
they probably do not occupy overlapping sites (16,42). This 
competitive property may explain how the inhibitor regulates the 
activity of the enzyme. It has been known for some time that the level 
of Fru-2,6-P2 in liver is under control of the hormone glucagon (43). 
Fru-2,6-P2 regulates fructose-1,6-blsphosphatase in two ways. First, 
it binds to the catalytic site of the enzyme, competitively inhibiting 
the enzyme activity. Second, it enhances the affinity of the enzyme 
for AMP, resulting in synergistic inhibition. The inhibition of the 
enzyme by AMP may be due to mutually exclusive binding of the ligand 
and the catalytic metal ion. Scheme I summarizes our hypothesis 
Interpreting the interaction of AMP, Fru-1,6-P2, Fru-2,6-P2, metal 
ions, and fructose-1,6-blsphosphatase. In this model, E and M^ "*" 
represent fructose-1,6-blsphosphatase and divalent metal ion, 
respectively. This interaction pathway is consistent with data from 
binding (24), fluorescence (20), and kinetic investigations by others 
(17,37,38) and from our own work presented in this report. 
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GENERAL SUMMARY 
This dissertation has Investigated the binding site for Fru-2,6-P2 
on rabbit liver fructose-1,6-bisphosphatase. The results from chemical 
modification and NHR distance measurements show that Fru-2,6-P2, the 
inhibitor of the enzyme, and Fru-1,6-P2. the substrate of the enzyme, 
bind at the same site, the active site, on the enzyme. This conclusion 
is also confirmed by the results from X-ray diffraction studies in Dr. 
William lipscomb's laboratory, in which it was found that Fru-2,6-P2 
binds at one site, the active site of pig kidney fructose-1,6-
bisphosphatase (9). 
Recent fluorescence investigations have shown that the binding of 
FMP, a fluorescent analog of AMP, is enhanced in the presence of Fru-
2,6-P2 (10). This observation is further supported by results from NMR 
studies that indicate that the rate constant for dissociation of AMP 
from the enzyme«AMP«Fru-2,6-P2 complex is 17-fold lower than that of 
AMP in the AMP«enzyme binary complex. 
The kinetics of the enzyme with respect to both Fru-1,6-P2 and 
Mg^ "^  in the presence of different inhibitors have been investigated. A 
kinetic model for the interaction of these ligands with respect to 
rabbit liver fructose-1,6-bisphosphatase is presented which is 
consistent with a rapid equilibrium Random Bi Bi mechanism in the 
physiological direction. 
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